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Graphene has emerged as an appealing material for a variety of optoelectronic appli-
cations due to its unique electrical and optical characteristics. In this thesis, I will
present recent advances in integrating graphene and graphene-boron nitride (BN) het-
erostructures with confined optical architectures, e.g. planar photonic crystal (PPC)
nanocavities and silicon channel waveguides, to make this otherwise weakly absorbing
material optically opaque. Based on these integrations, I will further demonstrate the
resulting chip-integrated optoelectronic devices for optical interconnects.
After transferring a layer of graphene onto PPC nanocavities, spectral selectivity
at the resonance frequency and orders-of-magnitude enhancement of optical coupling
with graphene have been observed in infrared spectrum. By applying electrostatic
potential to graphene, electro-optic modulation of the cavity reflection is possible with
contrast in excess of 10 dB. And furthermore, a novel and complex modulator de-
vice structure based on the cavity-coupled and BN-encapsulated dual-layer graphene
capacitor is demonstrated to operate at a speed of 1.2 GHz.
On the other hand, an enhanced broad-spectrum light-graphene interaction cou-
pled with silicon channel waveguides is also demonstrated with ∼ 0.1 dB/µm trans-
mission attenuation due to graphene absorption. A waveguide-integrated graphene
photodetector is fabricated and shown 0.1 A/W photoresponsivity and 20 GHz op-
eration speed. An improved version of a similar photodetector using graphene-BN
heterostructure exhibits 0.36 A/W photoresponsivity and 42 GHz response speed.
The integration of graphene and graphene-BN heterostructures with nanophotonic
architectures promises a new generation of compact, energy-efficient, high-speed opto-
electronic device concepts for on-chip optical communications that are not yet feasible
or very difficult to realize using traditional bulk semiconductors.
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Graphene, a two dimensional (2D) carbon allotrope, has its carbon atoms densely
packed in an atomic scale hexagonal crystalline lattice. Within the lattice, each
carbon atoms forms four bonds: carbon to carbon is tightly bonded by the sp2 hy-
bridization, consisting of the orbitals s, px and py; a renaming out of plane π bond
consists the pz orbital. These bonds lead to a very unique energy band structure in
graphene, where conduction and valence bands meet at the Dirac point with zero
band gap and energy-momentum linearly disperses at low energies. Electrons in the
graphene lattice travel at an energy-independent Fermi velocity (υF ) 10
6 m/s and
behave as massless 2D Dirac fermions. All these contribute to the very unique carrier
transport phenomena in graphene, such as ambipolar conduction (electron or hole),
tunable carrier type (n or p) and tunable carrier density (normally up to 1012 ∼ 1014
cm−2). When graphene is made into encapsulated graphene-BN heterostructures, it
shows extremely high carrier mobility (106 cm2/V·s) at cryogenic temperatures, and
acoustic phonon limited high carrier mobility (up to 104 ∼ 105 cm2/V·s) at room
temperature [1].
The characteristics of 2D Dirac fermions in graphene also lead to a variety of
striking optical properties. It is known that the free-standing single layer graphene
absorbs 2.3% of the incident light within a very broad spectral range (from visible
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to near infrared), and this absorption can be largely tuned by shifting the Fermi
level (EF ) of graphene with chemical doping or electrical gating. Combined with
its notable electrical transport and optical properties, graphene has emerged as a
promising material and building block for optoelectronic applications. Several studies
and prototypes have been reported in recent years, such as photodetectors [2, 3, 4, 5],
saturable absorbers [6, 7], and nonlinear media for four-wave mixing [8, 9, 10].
Although light-graphene interaction is strong given graphene’s single atomic thick-
ness, it is still low in absolute terms. Devices relying on single-pass operation are
ineffective for real world optoelectronic applications. Large amount of attentions
and efforts have been paid to develop techniques to enhance light-graphene interac-
tion, including devices exploiting surface plasmon [11, 12, 13, 14, 15] or microcavity
modes [16]. There has also been considerable interest in implementing graphene
devices with integrated photonic circuits, including waveguide-integrated modula-
tors [17, 18], as well as photonic crystal nanocavity-based four-wave mixers [10] and
modulators [19].
In this thesis, I will present our recent advances in integrating graphene and
high quality graphene-BN heterostructures with confined optical architectures (e.g.
PPC nanocavities and silicon channel waveguides) to make this otherwise weakly
absorbing material optically opaque. Based on these integrations, I will demonstrate
the resulting chip-integrated novel optoelectronic devices with promising figures of
merit.
1.1 Basic Electrical Properties of Graphene
The electronic structure of single layer graphene can be described using a tight-
binding model [20] and the energy-momentum dispersion relation can be expressed















where the plus (minus) sign applies to the upper (lower) π band; the k = (kx,ky)
vectors are the electronic momenta in the first Brillouin zone; the nearest-neighbor
electron hopping energy γ0 ≈ 2.8 eV; the lattice constant a =
√
3 acc ( acc = 0.142
nm being the carbon-carbon distance).
At corners of the first Brillouin zone, the conduction (upper) and valence (lower)
bands meet at in total six points (K points or Dirac points), making graphene a
zero-bandgap semiconductor. At low energies, the energy-momentum dispersion near
the K points can be approximately expressed as:
E±(κ) = ±h̄υF‖κ‖ (1.2)
where wavevector κ = k−K is measured from the Dirac points; the electronic group
velocity or Fermi velocity (υF ) is given by υF =
√
3γ0a/(2h̄) ≈ 106 m/s. This linear
dispersion, in contrast to the conventional parabolic dispersion characteristic with
effective mass, leads to the energy-independent Fermi velocity with zero-effective
mass. Electrons in graphene behave like massless Dirac fermions and move at the
Fermi velocity. It is noted that this linear dispersion also leads to a uniform optical
transmittance of graphene in a wide spectral range.
1.2 Basic Optical Properties of Graphene
Due to the characteristic of 2D massless Dirac fermions (linear energy-momentum dis-
persion), the optical conductance of pristine and free-standing single layer graphene
is energy (frequency) independent and can be described as a universal optical con-
ductance G(ω) = G0 = e
2/4h̄, which leads to a frequency-independent optical trans-
mittance [21, 22, 23, 24, 25]:
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T = (1 + 2πG/c)−2 = (1 + 0.5πα)−2 ≈ 1− πα = 0.977 (1.3)
where the optical transmittance T is solely defined by the fine structure constant
α = e2/h̄c = 1
137
(e is the elemental electron charge, c is the speed of light). Graphene
only reflects < 0.1% of the incident light in the visible region [22]. So the optical
absorption of single layer graphene is πα = 2.3%, which stays flat within a broad
spectral range from visible to near infrared [22, 25]. Due to little perturbation from
the adjacent layers [26], this absorption also satisfies the superposition with scaling
up the number of graphene layers.
It is also noted that this broadband (from visible to near infrared) universal ab-
sorption of graphene can be largely controlled by the chemical potential (µ) or Fermi
energy (EF ) of graphene, which can be tuned by electrostatic gating or chemical dop-
ing [27, 28]. The optical conductivity of graphene at finite temperature (T ) with a
chemical potential close to its Fermi energy (EF ) can be written as [24, 29, 30]:















For a given incident photon with angular frequency ω, electrostatic gating or chemical
doping causes state blocking of carrier transition from valence band to conduction
band (interband transition) for photon energies h̄ω < 2|EF |, leading to a reduced
optical absorption; for the photon energies h̄ω > 2|EF |, the optical absorption stays
unaffected. As a result, the optical response of graphene becomes highly tunable by
shifting Fermi energy (EF ) with electrostatic gating or chemical doping.
1.3 Graphene-Boron Nitride Heterostructure Fab-
rication Techniques
The graphene or graphene-BN heterostructures used in this thesis are primarily me-
chanically exfoliated flakes. Occasionally, chemical vapor deposition (CVD) graphene
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is also used to achieve large area integration. All the transfer, assembly and device
fabrication techniques are primarily developed within the group.
For the case of integrating bare graphene, graphene is transferred on to ppc
nanocavities or waveguides using a dry transfer technique [31]. For the case of in-
tegrating more complex graphene-BN heterostructures, the stack is assembled and
transferred on to PPC nanocavities or waveguides by using the state of the art van
der Waals (vdW) assembly technique and metal contacts are deposited in the one
dimensional edge contact fashion [1]. The vdW technique exploits the vdW interac-
tion to assemble heterostructures of graphene and BN without the need of exposing
the interfaces to polymers. BN flakes are exfoliated onto the surface of ∼ 1 µm-
thick poly-propylene carbonate film spun on Si substrate. The film is then manually
peeled off from the Si substrate and placed onto a transparent elastomer stamp (poly-
dimethyl siloxane, PDMS). The stamp is then placed onto to a microscope slide with
BN side up. In parallel, flakes of graphene and BN are exfoliated onto Si/SiO2 (285
nm) wafers. To make a BN-graphene-BN stack, the glass slide with the PDMS stamp
is attached to a micromanipulator. The manipulator is used to position the BN flake
over a chosen graphene flake, bring the two flakes into contact. The graphene ad-
heres more strongly to the BN than the SiO2 (due to the much smoother BN surface
comparing to SiO2) and is lifted from the substrate. The process is then repeated
to pick up the bottom BN flake and can be further repeated to create stacks with
arbitrary number of layers. Finally, the stack is released and placed onto the desired
substrate by heating up the substrate to 90 ◦C to soften the PPC, which allows the
glass slide and PDMS to be removed. The PPC is then dissolved in acetone to finally
leave the BN-graphene-BN on the substrate. The graphene edge is exposed by writ-
ing a top etch mask with hydrogen silsesquioxane (HSQ) layer with electron beam
lithography. Dry plasma etch (mixture of O2 and CHF3) is used to remove the exces-
sive area of BN-graphene-BN and expose graphene edges. Metal contacts are defined
by electron beam lithography and deposited by electron beam evaporator along the
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graphene edges to form the one dimensional edge contact. The resulting device shows
unprecedented acoustic phonon limited high carrier mobility at room temperature
and lower contact resistance even outperforming traditional surface contact without
other surface engineering such as chemical doping or modification.
1.4 Thesis Outline
This thesis describes the controlled and enhanced light-matter interactions of graphene
or graphene-BN heterostructures using confined optical architectures (PPC nanocav-
ities and silicon channel waveguides), and demonstrates the resulting optical inter-
connects (photodetector and modulator) with promising figures of merit compare to
bulk semiconductor-based optoelectronics.
In chapter 2, we demonstrate enhanced light-matter interaction in graphene cou-
pled with localized modes in a PPC nanocavity at its resonant frequency. We observe
that graphene reduces the cavity reflection and quality factor significantly. We then
propose a coupled mode theory framework which matches the experimental observa-
tions and indicates greatly increased light absorption in the graphene layer.
In chapter 3, we exploit the electro-optic modulation behavior of graphene when
it experiences induced electrostatic doping, and demonstrate a high-contrast electro-
optic modulator by combining an electrolyte gated graphene and PPC nanocavity.
The reduced optical reflection and degraded quality factor of PPC nanocavity can be
recovered to some extent under the influence of electrical gating on graphene.
In chapter 4, we take a further step and demonstrate an improved but yet novel
modulator architecture by integrating a high-mobility encapsulated dual-layer graphene
capacitor with a PPC nanocavity. Instead of using electrolyte to change the Fermi
level of graphene, another graphene layer is introduced to form a dual-layer graphene
capacitor. As a direct result, the high-frequency response is further extended to the
GHz regime.
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In chapter 5, we transfer graphene on top of the planarized Si waveguide and
overlap graphene with waveguide’s evanescent field. We observe a strong transmis-
sion loss in the waveguide due to graphene absorption. Furthermore, we demonstrate
a waveguide-integrated graphene photodetector that simultaneously exhibits high
responsivity, high speed, and broad spectral bandwidth. A metal-doped graphene
junction is used to separate the photon-excited electron-hole pairs and collects the
photocurrent.
In chapter 6, we demonstrate an upgraded waveguide-integrated graphene pho-
todetector by using an high-quality encapsulated graphene-BN heterostructure. This
new design not only exhibits improved photoresponsivity and higher frequency re-
sponse, but also enables direct autocorrelation characterization of ultrafast pulses.
The photocurrent measurements suggest that the photoresponse is governed by the
hot electron mediated effect, also known as the photothermoelectric (PTE) effect.
In chapter 7, I summarize all the work demonstrated in previous chapters and






Graphene Integrated with a Planar
Photonic Crystal Nanocavity
In this chapter, I demonstrate a large enhancement of light-matter interaction in
graphene coupled with localized modes in a PPC nanocavity. Spectroscopic studies
show that a single layer of graphene reduces the cavity reflection by more than two
orders of magnitude, and meanwhile sharply decreases the cavity quality factor. The
strong interaction allows for cavity-enhanced Raman spectroscopy on sub-wavelength
regions of a graphene sample. A proposed coupled mode theory model matches ex-
perimental observations and indicates significantly increased light absorption in the
graphene layer. The coupled graphene-cavity system also enables precise measure-
ments of graphene’s complex refractive index. The work presented in this chapter has
been concluded and published as ref. [32]. (Reproduced with permission from [32].
Copyright (2012) American Chemical Society.)
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2.1 Basic Device Structure and Fabrication Pro-
cess
When an optical field couples into a mode of an optical cavity, its intensity is increased




PPC nanocavities, which possess extremely high Q factor (up to 106) and ultrasmall
Vmode (on the order of a cubic wavelength), can therefore amplify the intensity of
the incident light by many orders of magnitude. Here, we employ linear three-hole
defect cavities (L3) [33] in air-suspended two-dimensional PPCs. These structures
are fabricated by a combination of electron beam lithography and dry/wet etching
steps. The fabrication processes are generally described below, however the more
complicated PPC design principles are outside the scope of this thesis and will not
be discussed here.
To fabricate PPC cavities, a 138 nm thick gallium phosphide (GaP) membrane
was grown on top of a 1.2 µm-thick sacrificial layer of Al0.85Ga0.15P. The PPC cavity
patterns were first defined in ZEP520 resist by electron-beam lithography and then
transferred into the GaP membrane by a chlorine-based reactive ion etch. Excess
resist was chemically removed by Remover PG. The sacrificial layer was etched away
using hydrofluoric acid, which left a freestanding PPC membrane with high refractive
index. The PPCs were patterned into a triangular air-hole lattice. The cavity was
formed by three missing holes (L3) slab. The two end holes are displaced along the
cavity axis by 0.15a in order to increase theQ factor, where a is the lattice spacing [33].
The cavities were designed to have different lattice spacings a and air-hole radii r to
achieve different resonant wavelengths in visible and infrared spectral ranges. For
cavities resonant in the visible spectrum, we chose a = 160 - 180 nm and r/a = 0.29;
for cavities resonant in the near infrared spectrum, we chose a = 470 - 490 nm and
r/a = 0.24.
We prepared the single-layer graphene samples by mechanical exfoliation and
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chemical vapor deposition (CVD); transferred these samples onto PPC cavities using
various dry transfer techniques [34, 35, 31]. This is also the reason we chose to use
2D planar photonic crystals, where the planar surface can be easily integrated and
conformed with graphene layer.
The optical microscope image in Fig. 2.1(a) shows several cavities covered by
exfoliated graphene (image was taken with green filter); the inset is an atomic force
microscope (AFM) image of a graphene layer suspended over a few air-holes. The
scanning electron microscope (SEM) image in Fig. 2.1(b) shows cavities covered by
CVD-grown graphene. The graphene layer interacts with the cavity through the
evanescent field above the sub-wavelength membrane, as shown in Fig. 2.2. By
choosing the thickness of the membrane between d = 0.29a to 0.65a, where a again
is the PPC lattice spacing, we can control the magnitude of the evanescent electric
field (Egraphene) at the graphene location to be between 10%− 40% of the maximum
field (Emax) at the center of the membrane along the Z-direction.
Figure 2.1: PPC cavities integrated with graphene. (a) Optical microscope image of the PPC cavities
integrated with exfoliated graphene. The inset shows an AFM image of the device. (b) SEM image
of the PPC cavities having CVD graphene layer on top. The dendritic shapes are the edges of the
graphene.
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Figure 2.2: Simulated energy distribution of fundamental resonant mode of the L3 cavity, shown in
plane (top) and in cross-section (bottom). The graphene layer interacts with the evanescent field.
2.2 Optical Characterization of Coupled Graphene-
Cavity Mode
We characterized the graphene-cavity samples using a cross-polarization confocal mi-
croscope with a broad-band (super-continuum laser) excitation source, as shown in
Fig. 2.3. The input field is polarized at 45◦ to the linearly polarized cavity mode, and
the collected reflection field is polarized at −45◦ to the cavity mode [36], as shown in
Fig. 2.4. A half-wave plate enables us to rotate the input and output polarizations
to achieve an arbitrary orientation with respect to the cavity axis.
Figure 2.3: Schematic of the cross-polarization confocal microscope, where the black double-arrowed
lines represent the polarization directions. HWP: half-wave plate, PBS: polarized beam splitter.
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Figure 2.4: Schematic of the excitation and collection polarization angle to the cavity mode.
Fig. 2.5 displays the measured reflectivity of the cavity shown in Fig. 2.1(a),
which has lattice spacing of a = 480 nm and hole radius of r = 0.24a. The blue
dotted line represents the reflectivity spectrum (R0) of the unloaded cavity (before
graphene deposition), recorded with a spectrometer having a resolution of ∼0.05 nm.
The fundamental mode resonance occurs at 1477.3 nm and has a Q factor of 2,640,
estimated by fitting to a Lorentzian lineshape. After the graphene transfer, the cavity
reflection spectrum (Rg) indicates that the Q factor sharply drops to 360, while the
resonance is red shifted by 1.8 nm, shown as the red dotted line in Fig. 2.5. Re-
markably, single layer graphene renders the cavity nearly opaque: the relative cavity
attenuation, defined as [−10Log10(Rg/R0)], increases by ∼20 dB at the resonance of
the unloaded cavity at 1477.3 nm. The full spectrally resolved relative attenuation
is shown in the inset of Fig. 2.5; it is asymmetric and includes a region of negative
relative attenuation because of the red-shift of the cavity resonance.
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Figure 2.5: Reflection spectra of the PPC cavity with and without the graphene (magnified 10 times).
Inset: Spectrum of the relative attenuation of the cavity with graphene compared to the same cavity
without graphene. At the reflection peak of the unloaded cavity, the attenuation increases by 20 dB
after inserting a single layer of graphene.
2.3 A Theory Framework of Coupled Graphene-
Cavity Mode
To explain these experimental observations, we model the graphene-cavity system
by proposing the follow theory. As shown schematically in Fig. 2.6, the graphene
integrated cavity couples with a waveguide through the forward and backward prop-
agating modes, denoted as Mode1 and Mode2, at rates of κca and κcb, respectively.
The loss of the bare cavity is caused by out-of-plane radiation with an energy decay
rate of κc = ω0/Q, where ω0 is the angular frequency of the cavity resonance.
Here, we consider the cavity having a single mode with amplitude c and interacts
with graphene and propagating modes of the waveguides. The incoming (outgoing)
light of Mode1 and Mode2 are denoted by ain(aout) and bin(bout), respectively. The
bare cavity has a resonant frequency ω0 and an energy decay rate κc′ due to other
lossy modes and material absorption. Please note that later on the model ignores the
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cavity loss arising from the GaP bulk absorption, because this semiconductor has a
large indirect bandgap (∼2.26 eV) and an absorption coefficient below 1 cm−1 [37].
The total energy decay rate κc = κca + κcb + κc′ gives the quality (Q) factor of the
intrinsic cavity as Q = ω0/(κc′ + κca + κcb). When perturbed by the presence of a
sheet of graphene, the cavity mode undergoes a shift of ∆ω at the resonant frequency
and experiences extra energy loss through coupling to the graphene with a decay rate
of κcg. Since the graphene layer is only atomically thin, we neglect any scattering
loss of the cavity caused by graphene, as verified using finite difference time domain
(FDTD) simulations with a small planar perturbation of the cavity to model the
graphene sheet.
For weak coupling between the cavity and waveguides, the evolution of the reso-









The outgoing fields of the waveguides aout and bout are related to the incoming field
by:
aout = −ain +
√
κcac (2.2)
bout = −bin +
√
κcbc (2.3)
In our analysis, we consider only Mode1 to have incoming field, i.e., ain 6= 0, bin =
0. Solving c from Eq. 2.1 in steady state and substituting this result into Eqs. 2.2
and 2.3, we obtain the frequency-dependent cavity reflection R(ω) and transmission
T (ω) coefficients at frequency ω:
R(ω) =
∣∣∣∣boutain




∣∣∣∣2 = (ω0 + ∆ω − ω)2 + (κcg/2 + κc′/2 + κcb/2− κca/2)2(ω0 + ∆ω − ω)2 + (κc/2 + κcg/2)2 (2.5)
We note that for the experimental conditions of a measurement with crossed polar-
izers, the measured signal corresponds to what we designate above as reflection.The
same expressions apply for the case of absence of graphene layer, reflection R0(ω) and
trasmission T0(ω) coefficients, but with some obvious changes, κcg = 0 and ∆ω = 0.
From Eq. 2.4, we can easily deduce the effect of the graphene layer on the on-
resonance reflection of the cavity. We find a ratio for the reflection with and without
graphene of (1 + κcg
κc
)2. The ratio shows that the reflection of the graphene-cavity
system can be dramatically modulated by altering the parameter κcg
κc
. The loss of
the cavity system (1 - T - R) arises from the intrinsic cavity loss and the graphene
absorption. The graphene absorption A(ω) is given by:
A(ω) =
κcaκcg
(ω0 + ∆ω − ω)2 + (κc/2 + κcg/2)2
(2.6)
For a given system, this absorption spectrum peaks at the resonant frequency of the
graphene-cavity. Unlike the modulation of cavity reflection, the on-resonance ab-
sorption of graphene has a maximum value of κca
κc
, which is reached by optimizing
the system decay rates to satisfy the condition κcg = κc. This condition indicates
that matching the graphene-induced loss to the intrinsic cavity loss yields maxi-
mal absorption in the graphene. For the cross-polarization confocal microscope, the
excitation mode (Mode1) ain and collected mode (Mode2) bout are approximately
Gaussian spatial modes, given by the optics of the confocal microscope. Due to the
symmetric confinement, the resonant mode of the PPC cavity decays equally into
the forward and backward propagating waveguide modes. We assume a coupling ef-
ficiency η between the microscope modes and the cavity radiation field, so that the
cavity mode couples with the microscope modes with rates κca = κcb = ηκc. The
maximum absorption in graphene can reach 50% if the waveguide-cavity coupling is
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responsible for the entire intrinsic loss of the cavity, i.e., κca + κcb = κc. However, in
cavities having the traveling-wave resonant mode, such as ring-resonator [39], there
is no backward coupling, which enables maximum absorption of 100% in graphene.
This coupled graphene-cavity model could be applied to other graphene-resonator
systems to study the enhancement of the interaction between electromagnetic field
and graphene.
Fitting the experimental reflection spectra [Fig. 2.5] to Eq. 2.4, we obtain ω0 =
1.28 × 103 THz, κc = 1.9 × 10−4ω0, ∆ω = −1.24 × 10−3(1 ± 0.016)ω0, and κcg =
2.4 × 10−3(1 ± 0.016)ω0, where the estimated uncertainties are near those expected
for shot noise from our cooled CCD camera. The resonance frequency shift ∆ω and
additional energy decay rate κcg are comparable in magnitude and are much higher
than κc. This shows that the graphene layer dominates the photon loss with a factor
of κcg/(κcg + κc) ≈ 92% inside the nanocavity.
Figure 2.6: Schematic of the coupled graphene-cavity model. The graphene integrated cavity is
forward and backward coupled with Mode1 and Mode2, respectively. The total energy decay rate of
the unloaded cavity κc consists of the forward and backward coupling rates κca and κcb, respectively,
into the waveguide modes, and the decay rate κc′ due to other lossy modes and material absorption.
The decay rate κcg arises from the absorption of the graphene layer.
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2.4 Deduction of Graphene’s Dielectric Constant
and Enhanced Absorption in Graphene-Cavity
Mode
We confirm the strong perturbation of graphene on the cavity from a numerical sim-
ulation of the field-graphene interaction, which enables us to deduce the graphene’s
complex dielectric constant. The bare cavity’s energy density is shown in Fig. 2.2,
obtained from a three-dimensional FDTD simulation that yields the complex resonant
field E(r). The same simulation also yields a cavity quality factor Q = 7, 600, which
is lower than the optimal value of 45,000 [33] due to the thinness of the GaP slab.
The graphene layer has an anisotropic complex dielectric function with in-plane and
perpendicular components given by (εg1‖ + iεg2‖) and (εg1⊥ + iεg2⊥), where εg2⊥ ≈ 0
for near infrared radiation [40].












d3r[(εg1‖(r)− 1)|E‖(r)|2 + (εg1⊥(r)− 1)|E⊥(r)|2]∫
d3rεs(r)|E(r)|2
(2.8)
Here, E‖(r) and E⊥(r) are the in-plane and perpendicular components of E(r), and
εs = 9.36 denotes the dielectric constant of the GaP substrate near ω0. The measured
rate κcg = 2.4 × 10−3(1 ± 0.016)ω0 then yields a value for the imaginary part of
graphene’s dielectric function around the probe wavelength of 1480 nm of εg2‖ =
4.61 ± 0.07. This result is close to the previously reported value of εg2‖ = 4.62 for
graphene on a quartz substrate [40]. Note that the value of the dielectric function
is quoted with the condition that graphene layer is treated as a homogeneous slab
with thickness of ∼0.34 nm, corresponding to the interlayer space in bulk graphite.
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Deducing the real part of graphene’s dielectric constant from the measured ∆ω is
difficult due to the presence of two non-zero components εg1‖ and εg1⊥; in future
studies, this measurement could be accomplished by employing a multi-mode cavity
that provides multiple independent in-plane and perpendicular components of each
resonant mode to resolve εg1‖ and εg1⊥. Here, on the other hand, we use the reported
values of εg1‖ = 4.64 and εg1⊥ = 2.79 to verify our measured ∆ω [40]. Combining
these values with the simulation of E(r), we predict ∆ω = −1.22 × 10−3ω0, in good
agreement with measurement results.
The ability of the graphene-cavity system of controlling the cavity resonance and
enhancing graphene absorption promises substantial improvement to graphene-based
optoelectronic devices, such as modulators and photodetectors. In this regard, it is
useful to estimate the expected reflection attenuation and absorption as a function of
the intrinsic cavity loss rate κc, the waveguide coupling efficiency η, and the graphene-
caused loss rate κcg. Based on the theoretical model of Eqs. 2.4 and 2.6, we plot in Fig.
2.7, the calculated value for the cavity’s relative attenuation in terms of reflection,
−10Log10(Rg/R0), rendered by the presence of graphene, as a function of the ratio
of the loss rate of the unloaded cavity to that for graphene, κc/κcg. For a cavity with
high Q, we see that the induced attenuation caused by a single layer graphene can
be as high as 40 dB (at the frequency of the original resonance). A modulation of
this magnitude should be possible with existing PPC cavities (Q ∼ 106). Even when
κc ≈ κcg, the attenuation can still reach to about 5 dB.
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Figure 2.7: Relative attenuation of the cavity reflection (left scale) and graphene absorbance (right
scale) as the function of the cavity decay rates ratio κc/κcg. The relative attenuation is calculated
at the frequency of the unloaded cavity resonance, while the graphene absorbance is calculated for
excitation at the frequency of the loaded cavity. The red dots are the measured values for the device
in Fig. 2.1 at the ratio of κc/κcg ≈ 0.15.
The absorption into graphene at the cavity resonance, ηκcκcg
(κc/2+κcg/2)2
, reaches its
maximum value of η when κc = κcg, as shown in the green curve in Fig. 2.7. The
condition for the maximum absorption can be understood as following: if κc > κcg,
photons decay from the cavity before being absorbed by the graphene layer; alterna-
tively, if κc < κcg, photons are not efficiently coupled into the cavity in the first place.
For efficient absorption, the above equations show a linear dependence on η. This
coupling efficiency can exceed 45% using on-chip side-coupling into the cavity from
a waveguide [41], or tapered fiber coupling [42]. By employing efficient coupling and
choosing κc ∼ κcg, the model indicates that it is possible to reach 45% absorption
into a monolayer of graphene, which can be improved further by placing a reflector
under the cavity [36].
It is worth noting that, in the visible-to-infrared spectral range, free-standing
single layer graphene has a frequency-independent absorbance given by πα=2.3%,
where α = e2/h̄c denotes the fine-structure constant (in cgs units). In the spectral
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range of our experiments, the GaP material is transparent and has a refractive index of
∼3.1. The absorbance A0 of the graphene sheet on semi-infinite bulk GaP without the
periodic hole array patterns can be calculated from fractional changes of reflectance









− 1 = 4
n2s − 1
πα; Ts +Rs = 1; Tg +Rg +A0 = 1 (2.9)
where Ts (Rs) and Tg (Rg) are, respectively, the transmission (reflection) coefficients
of the GaP substrate and graphene on the substrate, and ns is the refractive index of
GaP. The reflectance from the GaP substrate satisfies Rs = (
ns−1
ns+1
)2. From the above
equations, we obtain A0 ≈ 0.238πα = 0.54%.
2.5 Cavity-Enhanced Graphene Raman Spectroscopy
As an immediate application of the enhanced graphene-light interaction in PPC
nanocavity, we now consider how the process of Raman scattering is modified via
the cavity field enhancement. We use a different GaP PPC cavity with the funda-
mental mode at a shorter wavelength of 636.3 nm, ensuring that the Raman-scattered
signal is still in the near infrared for convenient detection. This cavity is coupled to
a CVD graphene layer and then yields a resonance with a Q-factor of ∼ 330.
The cavity used to enhance graphene Raman scattering has the lattice spacing
a = 170 nm and air-hole radius r = 79 nm. Fig. 2.8 displays the measured optical
reflection of the cavity before and after graphene deposition. With graphene, the Q
factor of the cavity drops from 860 to 330 and the resonance is red shifted from 635.7
nm to 636.3 nm, corresponding to ∆ω = −0.9×10−3ω0, and κcg = 1.9×10−3ω0. Note
that the perturbation induced in this device caused by graphene is weaker than that
induced in the device of Fig. 2.5. This difference can be attributed to the selected
shorter resonant wavelength, which implies a weaker evanescent field coupling with
graphene. Using the parameters extracted from modeling the resonant response with
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and without graphene, we can calculate the graphene light absorption. The result
is shown in Fig. 2.8(b), where we have used and estimated coupling efficiency of
η = 4% from the simulations of the cavity field [43]. The absorption has the same
Lorentzian shape as the graphene-cavity reflection spectrum (red line in Fig. 2.8(a)).
We find the absorbance of this device to be 1.88% on resonance, which implies an
enhancement factor of 3.41 over that of graphene on the GaP substrate (A0). The
field enhancement that leads to the increase of graphene light absorption also gives
rise to the enhanced Raman scattering efficiency discussed in the following text.
Figure 2.8: (a) Measured cavity reflection before and after the graphene transfer, together with fits
to the cavity resonance model; (b) The calculated graphene light absorption, including the effect of
the (relatively low) coupling efficiency.
Fig. 2.9 shows the graphene Raman spectrum excited at 637 nm. We observe the
prominent features at the Raman shifts of 1578 cm−1 and 2640 cm−1, corresponding
to the well-known G and 2D bands. The 2D peak is weaker than the G peak due
to the high doping level of the CVD graphene we used [44], as confirmed indepen-
dently by the conventional Raman measurements. Fig. 2.10 demonstrates the cavity
enhancement: when we spatially scan the device along the x-axis of the PPC, the
Raman scattering is enhanced dramatically when pumped through the nanocavity
defect. We verify the effect of the cavity-enhanced pump by sweeping the laser wave-
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length from 635 nm to 639 nm, covering the graphene-cavity resonance. Fig. 2.11
shows the enhancement of the Raman scattering intensity at the resonant excitation.
The wavelength dependence of both the G and 2D bands, plotted in the inset of Fig.
2.11, is accurately fit by a Lorentzian function centered at 636.3 nm with a Q factor
of 330, consistent with the cavity resonance. In these measurements, the flat base-
line arises from incident radiation that excites the graphene directly, not through the
cavity defect mode. Normalizing the peak Raman signals to the baseline, we obtain
a 2.8- and a 3.3-fold increase of the G and 2D bands’ intensity, which matches the
enhanced graphene light absorption with a factor of 3.41 discussed previously.
Figure 2.9: Cavity-enhanced graphene Raman spectrum excited at 637 nm, showing the G and 2D
bands. The inset displays the cavity resonance at 636.3 nm.
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Figure 2.10: Spatial dependence of the cavity-enhanced Raman scattering spectrum, revealing the
strong scattering when illuminated near the cavity defect region (indicated by the top SEM image).
Figure 2.11: Wavelengths dependence of the cavity-enhanced Raman scattering spectrum. The
dependence of the scattering intensity of the two modes at the excitation wavelength (inset) matches
the cavity resonance.
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2.6 Polarization Dependence of the Cavity-Enhanced
Raman Scattering
The cavity-enhanced Raman scattering can resolve the polarization dependence of
the G and 2D bands. In this measurement, we put a half-wave plate (in the optical
path before the microscope objective), which is capable of rotating both directions of
the excitation and detection polarizations orthogonally. To rotate the excitation and
detection axes by an angle of φ, we simply rotate the half-wave plate by an angle of
phi/2, as shown in Fig. 2.4. For the fundamental mode of the L3 PPC cavity, only the
y-component of incoming or outgoing electrical fields can couple to the resonance [45].
Considering the appropriate projection for the incoming and outgoing fields for the
simple reflection of the laser excitation, we expect an angular variation of cos2 φ sin2 φ
as the polarization axes are rotated. As can be seen in the Fig. 2.12, this prediction
agrees very well with the experiment.
In Fig. 2.12, we plot the intensity of the G and 2D bands as a function of angle
φ, defined as the angle between the input polarization and the axis of the cavity.
The pump laser has a 90◦-periodicity because it couples into the cavity excitation
mode with an efficiency ∝ cos2 φ and into the collection mode with an efficiency
∝ sin2 φ. The G band scattering is observed to follow to a cos2 φ variation, indicating
the expected unpolarized characteristic of the G-band Raman emission [46].
On the other hand, the 2D band scattering process is described by an anisotropic
Raman tensor [46], which leads to a more complicated polarization dependence, dis-
played as blue dotted line in Fig. 2.12. The cavity field used to enhance the graphene
Raman scattering is proportional to the input coupling, which gives rise to a cos2 φ
dependence for the light intensity. The cavity field excites the graphene Raman sig-
nal through its near field, with normalized field components polarized along x- and
y-directions, Ex and Ey. Because of the high symmetry of graphene, the Raman
scattering process is not expected to exhibit any dependence on the crystallographic
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orientation of the sample. However, the Raman response for the parallel and per-
pendicular emission differs. We denote the relative efficiency factors by f‖ and f⊥.
Considering the output coupling dependence, the collected Raman signal excited by
Ex is then proportional to cos
2 φ|Ex|2(f‖ cos2 φ+ f⊥ sin2 φ), while that excited by Ey
is proportional to cos2 φ|Ey|2(f‖ sin2 φ+ f⊥ cos2 φ).
The experimental results for the polarization dependence of the Raman signal for
the G and 2D bands are fitted to 0.76 cos2 φ+0.25 and 0.45 cos2 φ(cos2 φ+1.6 sin2 φ)+








dxdy = 1.92 in the plane of the graphene location, we obtain the
polarization dependence factors have ratios of
f‖
f⊥
= 1 and 6.47 for the G and 2D
bands, respectively. These results show that the G mode gives rise to unpolarized
scattering, while the 2D mode exhibits a strong polarization dependence [46].
Figure 2.12: Polarization dependence of cavity-enhanced graphene Raman spectrum, showing 90◦-
periodicity of the laser reflection and 180◦-periodicity of the Raman peaks. These experimental
results fit well to the model accounting for the polarization of the cavity resonance and Raman
spectrum. The corresponding functional forms are indicated, including a contribution from the
background signal not coupled through the cavity resonance.
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2.7 Chapter Conclusions
In conclusion, we have demonstrated that the interaction of light with graphene can
be greatly enhanced by coupling to a PPC nanocavity. We observe a 20 dB attenua-
tion in the cavity reflection induced by a single layer of graphene. The experiments
are modeled accurately by a coupled mode theory framework, which further indicates
that controlling the reflection of the cavity by electrical gating the graphene sheet
could enable high-visibility modulators. Our observations and theoretical model pre-
dict that if the PPC cavities were designed with lower intrinsic Q (higher κc) or
fabricated on thicker slab (lower κcg) to satisfy κc = κcg, then the absorption of light
by a graphene monolayer could be improved to a maximum, set by the cavity coupling
efficiency η. This indicates that absorption greater than 45% into graphene should
be possible using efficient coupling strategies, such as tapered fiber or on-chip waveg-
uide couplers [47, 42]. By incorporating graphene into a cavity with travelling-wave
resonant modes, such as a ring resonator, one should be able to achieve a 90% opti-
cal absorption in single layer graphene [39]. The cavity-enhanced optical absorption
paves the way for a wide variety of applications, where graphene serve as the ac-
tive material, in compact photodetectors, modulators and other novel optoelectronic
devices that combine the unique and exceptional optical and electronic properties
of graphene. The cavity-enhanced Raman scattering demonstrated in this chapter
could also serve as a precise tool for fundamental graphene studies; for instance,
high-precision Raman scattering could aid in optical studies of grain boundaries and
edge states [48]. Such studies could exploit the high spatial resolution given by the
sub-wavelength extent of the cavity mode, which can be below 40 nm in 2D PPC




Modulation of an Electrically
Gated Graphene Integrated with a
Planar Photonic Crystal
Nanocavity
As previously described in Chapter 2, at the limit of wavelength-scale confinement,
we demonstrated a dramatic enhancement of the light-matter interaction in graphene
coupled to a PPC nanocavity, leading to a significant reduction in the cavity re-
flectivity and increased light absorption in graphene sheet [32]. And as we know,
such optical absorption can be dramatically suppressed by induced electrostatic dop-
ing [27], giving rise to electro-optic (EO) modulation behavior in graphene. To date,
several prototype graphene-based EO modulators have been realized by integrating
graphene with silicon waveguides. The waveguide-integrated modulators commonly
require a long active graphene channel of 25 ∼ 40 µm [17, 18]. Therefore, the power
consumption could be intrinsically high due to the large device footprint and capaci-
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tance.
Here, in this chapter, we demonstrated a high-contrast EO modulation of a PPC
nanocavity integrated with electrically gated monolayer graphene. A silicon air-
slot nanocavity provides a strong overlap between the evanescent optical field and
graphene sheet with a device footprint of only a few microns. Tuning the Fermi
energy of the graphene layer to as much as 0.85 eV by electrolyte gating, enables
strong control of its optical conductivity at telecom wavelengths. The modulation of
cavity reflection is in excess of 10 dB for a swing voltage of only 1.5 V. The cavity
resonance at 1570 nm is found to undergo a shift of nearly 2 nm, together with a
three-fold increase in quality factor. These observations enable the determination of
the cavity-enhanced graphene’s complex optical sheet conductivity at different dop-
ing levels. Our simple device demonstrates the feasibility of high-contrast, low-power,
and frequency-selective electro-optic modulators in graphene-integrated silicon pho-
tonic chips. The work in this chapter has been concluded and published as ref. [50].
(Reproduced with permission from [50]. Copyright (2013) American Chemical Soci-
ety.)
3.1 Basic Device Structure and Fabrication Pro-
cess
As shown schematically in Fig. 3.1, the experimental device consists of an air-
suspended PPC nanocavity that is coupled to a graphene field-effect transistor (FET)
gated by a solid electrolyte [51, 52]. The optical transmission of monolayer graphene
for an incident photon at angular frequency ω is modulated by electrostatically tun-
ing the graphene’s Fermi energy (EF ). As indicated in Fig. 3.2, when EF is tuned
away from the Dirac point by more than half of the incident photon energy h̄ω/2, the
interband transitions are Pauli blocked, reducing the graphene absorption [27, 28].
Thus, the reflectivity and Q factor of the cavity can be controlled by modulating the
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doping level of graphene [32].
Figure 3.1: Schematic of the electrically controlled graphene-PPC nanocavity. The reflection of the
air-suspended cavity can be modulated by electrostatic tuning of the Fermi level of graphene layer
using electrolyte gate. A thin HfO2 layer is grown on PPC cavity before the graphene transfer to
electrically isolate the silicon PPC cavity from graphene.
Figure 3.2: The band structure of graphene at different doping levels; graphene becomes more
transparent when interband transitions are Pauli blocked, as shown in images on the left and right.
To improve the overlap between graphene and cavity resonance modes, we employ
an air-slot PPC nanocavity [53] with strongly confined modes in a central air-gap,
as shown in Fig. 3.3. This design increases the coupling strength of the optical
mode to the graphene sheet by almost a factor of 3 compared to the linear three-
hole defect cavity used previously [32], where light is confined in the higher index
material [33] and experiences less overlap with the graphene sheet. The air-slot PPC
nanocavities are fabricated on a silicon-on-insulator wafer with a 220 nm-thick silicon
membrane using a combination of electron-beam lithography and dry/wet etching
processes. We employ mechanically exfoliated graphene monolayer, then transferred
it onto the PPC nanocavity using a precision alignment transfer technique [31]. The
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drain, source, and gate electrodes of the graphene FET are fabricated using electron-
beam lithography and titanium/gold electron-beam evaporation. In early trials, we
found that these contacts can gate the intrinsic or lightly doped silicon membrane
directly and influence the cavity spectroscopy under electrical gating. To avoid this
effect, the devices described in this study include a conformal 10 nm hafnium oxide
(HfO2) layer grown on the PPC cavities using atomic layer deposition (ALD) before
graphene transfer (see Fig. 3.1).
Figure 3.3: Simulated energy distributions of two resonant modes of the air-slot cavity (left: mode1,
right: mode3, as defined in Fig. 3.5) based on a finite-difference time-domain (FDTD) technique.
The optical field is confined in the air-gap, enabling strong coupling with graphene.
Fig. 3.4(a) displays an optical image of a completed graphene-PPC nanocavity
device. The dashed red line traces the boundary of the monolayer graphene, as
confirmed using micro-Raman spectroscopy. The gate electrode is located about
15 µm away from the graphene flake to ensure effective doping through the electrolyte.
Fig. 3.4(b) displays a SEM image of the air-slot cavity with the lattice spacing
a = 450 nm and lattice-hole radius r = 150 nm. The cavity defect is formed by shifting
air-holes away from the central slot [53]. After graphene is transferred and metal
contacts are prepared, an electrolyte (PEO plus LiClO4) layer is spin-coated on the
entire wafer, providing high electrical fields and carrier densities in graphene [51, 52].
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Figure 3.4: (a) Optical image of the electrically controlled graphene-PPC nanocavity devices. The
graphene monolayer covers an air-slot cavity; the boundary of the graphene is indicated by the red
dashed line. Source and drain electrodes are near the cavity, while the gate electrode is located
15 µm away. (b) SEM image of the air-slot cavity before graphene transfer; AFM and SEM studies
of PPC cavities after graphene deposition are shown in previous chapter. The lattice spacing is
a = 450 nm, and the hole radius is r = 150 nm. The defect of the cavity is formed by a slight
outward shift of the central three rows of holes on both sides of the slot.
3.2 Characteristic of Graphene-PPC Reflection Spec-
tra
We characterize the graphene-PPC nanocavity using the same cross-polarization con-
focal microscope with broad-band (super-continuum laser) excitation source [32, 36]
as in Chapter 2. The cavity reflection is analyzed using a spectrometer with a reso-
lution of 0.05 nm. This vertical coupling to the cavity has relatively low efficiency,
which results in a large insertion loss for the device. With further development of
this technology, efficient coupling strategies, such as the use of tapered fibers [42] or
on-chip waveguide couplers [47], could be employed to reduce the insertion loss.
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Figure 3.5: Reflection spectra of the PPC cavity before (red) and after (blue) graphene transfer,
then covered with electrolyte (green), showing three dominant resonant modes (modes 1, 2, and
3). The cavity resonances present clear drops of the reflected intensities and Q factors after the
graphene transfer.
The red curve in Fig. 3.5 displays the reflection spectrum of the cavity be-
fore the graphene transfer, showing three dominant resonant modes [53] at wave-
lengths of λ1 = 1548.4 nm (mode1), λ2 = 1557.4 nm (mode2), and λ3 = 1574.5 nm
(mode3). Fitting these resonances modes to Lorentzian curves, we estimate Q factors
of Qi = 860, 2350, 3420 for modes i = 1, 2, 3. These values are lower than the the-
oretically predicted Q factors obtained by the FDTD simulations, which are 12000,
16600, and 40400 for modes i = 1, 2, 3. We attribute the degradation of Q factors to
fabrication imperfections. After the graphene transfer, we observe blue-shifts of the
three resonant wavelengths by 0.6 nm, 1.0 nm, and 0.9 nm, respectively; this is ex-
pected as a result of the decrease in the refractive index of the HfO2 layer during the
thermal annealing step needed in the graphene transfer process [31]. The single-layer
graphene causes a strong reduction (nearly 18 dB) in the reflectivity of each of the
three resonant modes, meanwhile sharply degrades Q factors to 350, 640, and 440, re-
spectively. Employing perturbation theory to the graphene-PPC cavity system [32],
we calculate that the energy decay rates induced by the graphene absorption are
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κcgi = (1.6, 1.1, 2.0) × 10−3ωi for these three resonant modes, where ωi = 2πc/λi are
the frequencies of resonance. The variation in these loss rates is due to the different
coupling efficiencies further between graphene and electric field distributions of the
resonant modes: modes 1 and 3 have stronger optical fields — and therefore greater
overlap with graphene —in the air-gap than mode 2.
The applied electrolyte subsequently red-shifts the cavity resonances due to its
dielectric constant of ∼ 2.5 [38], as shown in the green curve of Fig. 3.5. We also
observe the broadening of the resonant peaks due to an extra scattering loss from
the electrolyte, which further reduces the Q factors to Q1,2,3 = 335, 610, 410. This
electrolyte-related loss amounts to extra κelectroi = (1.3, 0.8, 1.7)×10−4ωi for the three
modes, respectively. As seen in Fig. 3.5, modes 1 and 2 become indistinguishable
after applying electrolyte, where these two modes experience different red-shift due
to different mode-overlaps with the electrolyte.
3.3 Characteristic of Electro-Optical Modulation
of Graphene-PPC Device
To study the electrical control of the graphene-PPC nanocavity, we measure the cavity
reflectivity as a function of the gate voltage Vg between the gate and drain electrodes.
The sample is loaded in a vacuum chamber evacuated to pressures of 10−4 Torr at
room temperature to avoid degradation of the electrolyte. The electrical resistance
through the drain and source is monitored simultaneously to record the doping level
of graphene. Fig. 3.6 presents measurements of the electrical and optical signals of
the graphene-PPC nanocavity, while the gate voltage Vg is swept linearly in a saw-
tooth pattern at a speed of 0.1 V/s between -7 V and 6 V, as seen in Fig. 3.6(a). The
channel resistance across the drain-source of the graphene FET device, shown in Fig.
3.6(b), indicates that the gate voltage at the charge neutrality point is Vcnp = 1 V.
In Fig. 3.6(c), we present the cavity reflection spectra, acquired continuously at 30
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frames per second during the voltage sweep.
We first apply the bias along the negative direction. For small Vg (-1 V≤ Vg ≤0 V),
the cavity reflection remains unchanged, showing two resonant peaks at wavelengths
of 1571.7 nm and 1593 nm for modes 1 and 3, respectively (top line-cut of Fig.
3.6(d)). As Vg is decreased to -1 V, the two resonant peaks start to narrow down (Q
increases) and red shift slightly (second line-cut of Fig. 3.6(d)). This increase of the
cavity reflectivity and Q factor arises from the decreased cavity loss as the graphene
absorption is reduced by Pauli blocking. Decreasing the Vg beyond -1 V, we find
that the resonant peaks continue to grow up and narrow down sharply over a voltage
range of ∼ 1.5 V, while the resonant wavelengths now blue-shift. The Q factor and
reflectivity stabilize as Vg drops below -2.5 V, where the graphene achieves full Pauli
blocking for the resonant modes. At Vg=-7 V, the peaks become very narrow and
modes 1 and 2 appear to be distinguishable again (third line-cut of Fig. 3.6(d)). We
observe the corresponding changes of Q factor in the opposite trend when increasing
Vg from -7 V back to 0 V. The behavior for positive bias voltage (with electron, rather
than hole doping of graphene) mirrors that for negative voltages, taking into account
the offset from the point of charge neutrality at Vg=-1 V (bottom line-cut of Fig.
3.6(d)).
In terms of the overall response to the electric gating, we see that the height of
the resonance peaks increases by a factor of 8.5 for highly (electron or hole) doped
graphene compared to the case of lightly doped graphene. Since the peaks also shift in
wavelength with doping, the modulation at the peak wavelength for the highly doped
graphene is still greater. For example, at a wavelength of 1592.9 nm, we obtain a
modulation depth exceeding 10 dB for a swing in gate voltage between -1 V and
-2.5 V. Over this voltage range, the Fermi energy shifts past EF = h̄ω/2 for the onset
of Pauli blocking. The need for a voltage swing as much as 1.5 V reflects broadening
of the optical response in the vicinity of Pauli blocking. We expect that this could
be decreased by reducing charge inhomogeneity and disorder effects [28, 54].
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Figure 3.6: Optical responses of the electrically controlled graphene-PPC nanocavity. (a) The gate
voltage Vg is swept in a saw-tooth pattern at a rate of 0.1 V/s between -7 V and 6 V. (b) DC resistance
across the graphene layer measured from the source to drain electrodes, showing the charge neutrality
point at Vcnp = 1 V. (c) Reflection spectra of the cavity as a function of Vg. The resonances show
clear shifts in wavelength and modulations of Q factors and intensities under different gate voltages.
(d) Spectra of the cavity reflection for Vg=0, -1, -7, and 6 V, which are normalized by the reflection
peak at Vg=0. Compared to the reflection of the graphene-PPC nanocavity at zero-bias, the cavity
presents ∼8.5 times higher peak value when the single-layer graphene is strongly doped. For a
voltage swing from -1 V to -2.5 V, we observe a modulation of the cavity reflection by more than
10 dB at a wavelength of 1592.9 nm.
Fitting the response of mode1 and mode3 to a Lorentzian curve, we obtain Q
factors and resonant wavelength shifts as a function of Vg from -6 V to 6 V (Figs.
3.7(a-b)). The gate voltage at which the Q factor growth is greater for mode1 than
for mode3, as expected from the slightly higher energy threshold for Pauli blocking of
mode1. For large Vg, the Q factors of both modes saturate, growing from 335 (410)
to 740 (1150) for mode1(3). The recovered Q factors are lower than those pristine
values before the graphene transfer (Q factors indicated in the red curve of Fig. 3.5).
Considering the photon loss caused by the electrolyte (κelectro1,3 = (1.3, 1.7)× 10−4ωi
), we expect that mode1 and mode3 should have Q factors of 775 and 2160 in the
limit of full transparency of graphene. The incomplete recovery of the Q factors
indicates the presence of a small residual absorption in graphene sheet even when
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the doping level is far above the threshold for Pauli blocking [28]. The unrecovered
Q factors caused by the electrolyte and residual absorption in graphene result in an
insertion loss of the modulator, which is given by 10log10(Rl/R0), where Rl and R0 are
the reflections of the cavity with and without the residual loss. From coupled mode
theory [32], the insertion loss can be calculated from 10log10(Ql/Q0)
2, where Ql and
Q0 are the quality factors of the cavity with and without the residual loss. Using the
experimental values for the Q factors, we then obtain losses of 1.3 dB and 9.4 dB,
for mode1 and mode3, respectively, which are comparable to those achieved for other
electro-optic modulators [55]. Fig. 3.7(b) depicts the variation in the wavelengths
of cavity resonances with gating; total excursions of 2 nm and 1.3 nm are found for
mode1 and mode3, respectively.
Figure 3.7: (a) Measured variations of the Q factors and (b) wavelength shifts for mode1 and mode3
as a function of Vg. (c) Complex optical sheet conductivity of graphene as a function of Vg, deduced
from the experimental data of mode 3 in (a) and (b). The red curves are the theoretical values
determined by a model with interband and intraband transitions. (d) Fermi energy EF of graphene
calculated from the measured resistance between the drain and source electrodes under different
gate voltage Vg.
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3.4 Calculation of Graphene’s Complex Optical Con-
ductivity
The observed variation of the Q factors and wavelength shifts of the resonances arises
from the variation of the complex in-plane optical sheet conductivity σg = σg1 +
iσg2 of graphene induced by electrostatic doping [32]. We can calculate σg from the
perturbation theory [32]. The calculated values of σg from mode3 are shown in Fig.
3.7(c). To understand the experimental data, we also plot (Fig. 3.7(d)) the Fermi
energy of the graphene sheet as a function of Vg from the capacitance of the polymer
electrolyte (∼1 µFcm−2) [51]. After accounting for the photon loss caused by the
electrolyte, we obtain a value of σg1 ≈ πe2/2h at Vcnp, which decreases to a minimum
value of 0.06(πe2/2h) at Vg − Vcnp = 3 V. The value does not change appreciably for
higher Vg−Vcnp, with graphene displaying a finite absorption even for EF significantly
greater than h̄ω/2. This finite residual absorption (non-zero σg1) of graphene has
been previously reported [28, 54], and attributed to the presence of mid-gap states
and electron-phonon coupling [56]. On the other hand, σg2 decreases monotonically
from nearly zero at the charge neutrality point to a minimum of -0.28(πe2/(2h)) at
Vg − Vcnp = 1.8 V. It then increases monotonically with increasing doping level. The
inflection point for the variation of the imaginary part of the conductivity with doping
is expected to occur at EF = h̄ω/2 [57]. For the resonance at 1590 nm, we then predict
the inflection point at EF = 0.39 eV, which agrees well with the experimental data
in Fig. 3.7.
More generally, we can compare the experimentally deduced variation of the com-
plex conductivity of graphene as a function of doping with a simple theoretical model
based on both inter- and intra-band transitions [57, 58]:
σg = σ0Θ(h̄ω − 2EF ) + iσ0[(4EF )/(πh̄ω)− 1/πln|(2EF + h̄ω)/(2EF − h̄ω)|] (3.1)
with σ0 = e
2/(4h̄). This model neglects finite temperature and finite dephasing
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rates. To take these effects into account, as well as possible inhomogeneity in the
doping density, we broaden the predicted material response by convoluting formula
3.1 with a Lorentzian shape with a width of 50 meV. The corresponding theoreti-
cal prediction generally matches both the real and imaginary parts of the measured
complex conductivity as a function of Vg quite well (Fig. 3.7(c)).
3.5 Calculation of Energy Consumption of Graphene-
PPC Modulator
We calculate the energy consumption E for per stage switching of the device by
considering the energy required to charge (discharge) the graphene capacitor, which
gives E = CV 2/2, where C is the device capacitance and V is the swing voltage [59].
The solid electrolyte induces a capacitance density of 1 µFcm−2 on the graphene
sheet. We estimate the graphene area to be about 30 µm2, which results in a device
capacitance of about 300 fF. The swing voltage is 1.5 V for the 10 dB extinction
ratio. Therefore, the consumed energy for per stage switching is about 338 fJ, which
is similar to the lowest energy consumption (∼300 fJ) reported for other electro-optic
modulators with the achievement of 10 dB extinction ratio [55].
3.6 Chapter Conclusions
In conclusion, we have demonstrated that coupling an electrically gated graphene
monolayer to a PPC nanocavity allows the realization of strong optical modulation.
While the speed of the current device is limited by the ionic mobility of the solid elec-
trolyte [60], the use of highly doped silicon PPC cavity as a back gate or the inclusion
of a dual-layer graphene capacitor should enable an increase of the modulation speed
into the GHz regime [17, 18]. Because of the small capacitance of such graphene-PPC
devices, we also anticipate low power consumption. We estimate a switching energy of
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about 340 fJ from a calculation of the capacitive charging energy [59]. By reducing the
lateral extent of the graphene sheet to cover only the defect region of the nanocav-
ity, we estimate that this energy consumption can be reduced below 1 fJ per bit,
lower than that of state-of-the-art resonator-based electro-optic modulators [59, 61].
Moreover, the PPC-based modulator is relatively broad-band, over 30 GHz for a Q
value of 600, which promises low temperature sensitivity. The potential for low power
consumption, relatively wide bandwidth, and high modulation depth promise a new









In previously demonstrated cavity-graphene modulators, graphene strongly interacts
with the cavity resonant field, resulting in strong modulation of the cavity reflection
with device footprints of only a few microns [19, 50]. However, these devices re-
quire electrolyte doping to change the graphene Fermi energy, thus the modulation
speed has been limited to several kilohertz due to the slow ionic mobility of the solid
electrolyte [60]. Alternatively, the use of highly doped silicon PPC cavity as a back
gate or the inclusion of dual-layer graphene capacitor should permit an increase of
the modulation speed into the GHz regime [17, 18].
In this chapter, we demonstrate a novel modulator architecture based on an en-
capsulated high-mobility dual-layer graphene capacitor integrated with a PPC cavity.
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The PPC cavity greatly amplifies the absorption of light into the two graphene sheets.
The modulation occurs as the top and bottom graphene layers are oppositely doped
by the induced electrostatic potential; when the respective Fermi levels are shifted
to half of the incident photon energy (h̄ω/2), Pauli blocking suppresses the optical
absorption [25, 27]. We achieved a maximum modulation depth of 3.2 dB within
a voltage swing of only 2.5 V. Based on the change of cavity’s resonance and ab-
sorption [32], we deduced the optical conductivity of the graphene capacitor as a
function of the applied gate voltage and found good agreement with theoretical pre-
dictions. The modulation speed is greatly enhanced over previously demonstrated
cavity-integrated graphene modulators relying on electrolyte doping; we measured a
3 dB cut-off frequency up to 1.2 GHz, which appears to be dominated by the RC time
constant of the device. The work in this chapter has been concluded and published
as ref. [62]. (Reproduced with permission from [62]. Copyright (2015) American
Chemical Society.)
4.1 Basic Device Structure and Fabrication Pro-
cess
Fig. 4.1(a) shows the schematic of the cavity-integrated dual-layer graphene electro-
optic modulator. A BN/Graphene/BN/Graphene/BN five-layer stack, shown in Fig.
4.1(c), was built by the van der Waals (vdW) assembly technique [1] and then trans-
ferred onto a quartz substrate. Quartz substrates reduce parasitic capacitance com-
pared to more commonly used SiO2/Si substrates. The two graphene sheets were po-
sitioned as crossed stripes in order to be contacted individually. The graphene edges
were exposed by plasma etching the five-layer stack using a hydrogen-silsesquioxane
(HSQ) resist mask patterned by electron beam lithography (EBL). Metal contacts
of Cr/Pd/Au (1/20/50 nm) were deposited by electron beam evaporation, making
edge-contact to the two graphene sheets. In this encapsulated dual-layer graphene
42
structure, each one of the graphene sheets can be viewed as a gate and supplies gate
voltage to the other. The graphene-BN heterostructures made by the vdW technique
have demonstrated extremely high room temperature mobility up to 40,000 cm2/V·s
∼ 140,000 cm2/V·s depending on the carrier density, which is comparable to the
theoretical acoustic phonon-scattering limit[1].
Figure 4.1: (a) Schematic of the cavity-graphene electro-optic modulator. The dual-layer graphene
capacitor on quartz substrate is optically coupled to the PPC cavity. (b) Optical image of the fab-
ricated cavity-graphene electro-optic modulator. (c) AFM image of the BN-graphene-BN-graphene-
BN five-layer stack. Two graphene layers (black dashed line) are pristine and sandwiched in the BN
layers.
The PPC cavity was separately fabricated on a silicon-on-insulator (SOI) wafer
using a combination of EBL, dry etching, and wet etching. The membrane of the PPC
cavity has a thickness of 220 nm and a lattice period of a = 420 nm and air hole radius
r = 0.29 a. A linear three-missing-hole (L3) defect defines the cavity mode [33]. The
PPC lattice was surrounded by a 1-µm-wide trench and only connected to the plane
of the wafer by four 200-nm-wide bridges, which allowed us to separate them from the
parent wafer using an adhesive, transparent Polydimethylsiloxane (PDMS) substrate.
Then, using the same vdW technique, we transferred the PPC cavity onto the top
surface of the pre-fabricated five-layer-stack device. The PPC cavity was aligned
with the overlapping area of the cross-placed two graphene sheets underneath. The
completed modulator is shown in Fig. 4.1(b).
43
4.2 Spectrum Characteristic of PPC-Graphene-BN
Modulator
We characterized the PPC cavity using the same cross-polarized confocal microscope
(demonstrated in previous chapters) with a broad-band (super-continuum laser) exci-
tation source, as shown in Fig. 4.2. Before transfer, the suspended cavity membrane
exhibited two prominent modes at 1519 nm and 1538 nm with quality factors (Q)
of 1500 and 1100, respectively, see blue curve in Fig. 4.4. The polarization of the
far-field radiation of the resonance at 1538 nm is orthogonal to the long axis of the
L3 cavity, which, together with its energy, indicates the fundamental mode [45]. The
energy density of this mode, obtained by finite-difference time-domain (FDTD) sim-
ulation, is shown in Fig. 4.3. After the cavity was picked up by the PDMS substrate,
the cavity resonance red-shifted, and the Q values dropped to 1050 and 1020, respec-
tively, as seen in the green curve in Fig. 4.4. The red-shift of resonances and the
decrease of Q values are expected due to the increase of the effective cavity mode
index and the critical angle for total internal reflection. After the cavity was finally
transferred onto the graphene capacitor, shown as the red curve in Fig. 4.4, the cavity
mode exhibited additional red-shift because of the larger refractive index of quartz
(n = 1.53) compared to PDMS (n = 1.4 at 1550 nm), and the Q values sharply
decreased to 270 and 250, primarily due to the graphene absorption.
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Figure 4.2: A schematic of the cross-polarized confocal microscope measurement setup with Network
Analyzer.
Figure 4.3: A FDTD simulation of the L3 cavity energy intensity.
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Figure 4.4: Reflection spectra of the PPC cavity suspended over SOI substrate (blue), on PDMS
substrate (green) and on the dual-layer graphene capacitor (red).
We tested the optical response of the graphene modulator by monitoring the cav-
ity reflection spectrum while slowly sweeping the gate voltage VG across the top and
bottom graphene layer, as shown in Fig. 4.5. When VG increased from 2.5 V to 6.7
V, the carrier density in the two graphene layers gradually increased, approaching
the Fermi energy (h̄ω/2) of Pauli blocking for an incident photon with angular fre-
quency ω, as depicted in Fig. 4.6(a). Therefore, the optical absorption in graphene
was reduced, resulting in increased reflection from the cavity and slightly red-shifted
peaks. At VG = 6.7 V, the reflection intensity of the cavity was increased by 2.1
times compared to the near zero-bias regime, i.e., 0 V < VG < 2.5 V, corresponding
to a maximum modulation depth of 3.2 dB, as shown in Fig.4.7. The spectra for
the negative bias voltage range, -5.6 V < VG < 0 V, mimicked the spectra for the
positive voltage range; note that for VG < 0 V, the doping types of top and bot-
tom graphene layers were reversed compared to VG > 0 V. We plot the normalized
cavity reflection at λ = 1551 nm as a function of VG in Fig. 4.6(b). The evolution
of the spectrum is symmetric to VG = 0.2 V, indicating low intrinsic doping of the
encapsulated dual-layer graphene capacitor.
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Figure 4.5: Cavity reflection spectra as a function of gate voltage VG and wavelength λ. Two peaks
at 1551 nm and 1570 nm show significant intensity increase when the gate voltage |VG| increases.
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Figure 4.6: (a) Band diagram of two graphene sheets at different gate voltage. In the region where
VG > 2.5 V or VG < -2.5 V, the Fermi level (EF , black dashed line) is either lower or higher than the
half photon energy (h̄ω/2, red dashed line) for bottom or top graphene layer, thus suppressing the
probability of interband transition and making graphene more transparent to the incident photon.
In the region where -2.5 V < VG < 2.5 V, the Fermi energy in graphene is close to the Dirac point,
enabling optical absorption due to interband transition. (b) Normalized reflection intensity of the
cavity at λ = 1551 nm as a function of VG.
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Figure 4.7: Reflection spectra of the cavity at the gate voltage of 0 V (green) and 6.7 V (blue),
respectively.
By fitting the spectrum in Fig. 4.5 to Lorentzian curves, we obtained the variation
of Q values and shift of resonant wavelength as a function of VG. The results are
plotted in Fig. 4.8(a) and (b). In Fig. 4.8(a), the cavity Q increased from 250
to 420 for mode 1 and from 270 to 480 for mode 2 as |VG| increased. The resonant
wavelength for both cavity modes red-shifted, but the Q values were nearly unchanged
when |VG| < 2V. Near |VG| ∼ 4V, the shift of resonant wavelength reversed its trend
and started to blue-shift, while Q started to increase sharply, as displayed in Fig.
4.8(b). In addition, Fig. 4.7 plots the reflection spectra of the cavity with the voltage
of 0 V (green) and 6.7 V (blue) applied across the graphene capacitor. The wavelength
shift of the resonance is only 0.15 nm, which contributes negligibly to the modulation.
The modulation originates primarily from the recovery of the cavity Q factor as the
absorption in graphene is reduced.
The variation of Q values and shift of resonance wavelengths are related to the
gate-dependent complex optical conductivity σg of the graphene sheets. We extracted
σg for the cavity resonant mode 1 using a perturbation theory model [32, 50], which
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considers the mode overlap between the graphene capacitor and the cavity resonant
field. Fig. 4.8(c) plots the real σgr (green) and imaginary σgi (black) components of
σg. We compared the experimentally extracted σg to the calculated optical conduc-
tivity in graphene using inter- and intra-band transitions under the random phase
approximation [57, 58]. At zero temperature,
σg = σ0Θ(h̄ω − 2EF ) + iσ0[(4EF )/(πh̄ω)− 1/π ln |(2EF + h̄ω)/(2EF − h̄ω)|] (4.1)
where σ0 = e
2/(4h̄). The Fermi level EF as a function of gate voltage can be de-
duced from a parallel-plate capacitor model, given the 10nm thick central BN layer
as the separation of two graphene sheets. The fitted EF as a function of gate voltage
is shown in Fig. 4.8(d). To include the effects of finite temperature and possible
inhomogeneity in the doping density, we broadened the predicted material response
by convoluting Eq. 4.1 with a Lorentzian of 60 meV line-width. The theoretical
value of the graphene optical conductivity, plotted as red curve in Fig. 4.8(c), shows
good agreement with the experiment result. We note that the maximum gate voltage
applied to the graphene sheets only reduced σgr to half of the value of the ungated
graphene at VG = 0. This indicates that the modulation depth could likely be further
increased with a larger gate voltage. However, to avoid breakdown (Vbreakdown = 0.3
∼ 0.8 V/nm [63, 64]) of the 10 nm central BN layer, we did not push the gate volt-
age further. The limitation of the breakdown voltage could be improved by working
at longer wavelengths or with high-K materials that provide stronger electric field
between the two graphene sheets before breakdown.
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Figure 4.8: (a) Variation of the cavity Q values as a function of gate voltage (VG) for cavity resonant
mode 1 and mode 2. (b) Resonant wavelength shift as a function of gate voltage (VG) for cavity mode
1 and mode 2. (c) Graphene complex optical conductivity for the cavity resonant mode 1 extracted
from the experiment, where green and black curves represent the real and imaginary component of
the conductivity. The red curves show theoretical results. (d) Fermi energy (EF ) of graphene as a
function of gate voltage (VG).
4.3 Temporal Response of PPC-Graphene-BN Mod-
ulator
We tested the temporal characteristics by observing the reflected intensity modulation
of a narrowband tunable laser (1 MHz spectral bandwidth) coupled into the cavity.
The cavity reflection was detected with an InGaAs avalanche photodetector (APD).
To address the low coupling efficiency of the probe laser into the cavity, we improved
the signal to noise ratio by locking our detection to a 20 kHz amplitude modulation
of the probe laser power. To increase the coupling efficiency to and from the PPC
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cavity in future devices, the cavity can be interfaced via integrated waveguides, which
can allow a coupling efficiency in excess of 95% [65]. To measure the low frequency
(<3 kHz) response, we combined a DC gate voltage of 5.7 V and a sinusoidal signal
voltage of Vrms = 0.1 V and then applied them across the graphene capacitor. Fig.
4.9 plots the normalized modulation magnitude for different input laser wavelengths,
showing two peaks corresponding to the cavity resonances. For the high frequency
modulation measurements, we coupled an RF power of -10 dBm with varying DC
gate voltages from a 20 GHz network analyzer (NWA) to the dual-layer graphene
capacitor. The electrical signal of the InGaAs APD was sent to the input port of
the NWA, the measured electro-optic S21 parameter is normalized and shown in Fig.
4.10, indicating a high speed response of the low-pass filter characteristic with a 3 dB
cut-off frequency of 1.2 GHz. The cut-off frequency is limited by the RC time constant
of the dual-layer graphene capacitor, as deduced by the impedance measurement of
the device.
Figure 4.9: Normalized modulation magnitude as a function of input laser wavelengths measured at
3 kHz.
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Figure 4.10: High frequency response of the graphene modulator at different DC gate voltages.
Black dashed lines indicate the response of 0 dB and -3 dB.
For the BN/graphene/BN/graphene/BN multilayer device shown in Fig. 4.1,
the high frequency equivalent circuit is modeled in Fig. 4.11. A large capacitance
Cg formed between top and bottom graphene sheets dominates the high frequency
response of the device. The total resistance of the graphene channels Rg = Rg,top +
Rg,bottom is in series with Cg. The total impedance Zin of the device is




To determine the resistance Rg and the capacitance Cg, we performed the reflection
measurement of the graphene device under radio frequency (RF) excitation. An RF
power of -10 dBm was sent from a network analyzer (Agilent N5230A) through a
40 GHz microwave probe (Cascade Microtech) to the graphene device. A standard
short-open-load (SOL) calibration substrate was used for calibrating the frequency-
dependent response in the network analyzer. The reflected RF power from the device
was read by the network analyzer and the complex-valued scattering parameter S11
was acquired from 300 MHz to 10 GHz. The impedance Zin can be calculated ac-
cording to Zin = (1 + S11)/(1 − S11)Z0. Based on the measured impedance Zin and
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Figure 4.11: High frequency equivalent circuit of a dual-layer graphene capacitor supported by the
quartz substrate.
subsequent fitting of the model parameters, we extracted a capacitance Cg of 320 fF
and a total resistance Rg of 400 Ω. The 3 dB cut-off frequency of the graphene capac-
itor extracted from the electrical measurement is 1/2πRgCg = 1.25 GHz, consistent
with the measured electro-optic modulation response.
The operation speed could be further increased by optimizing the device geometry
as shown in Fig. 4.12. By removing the excess area of the graphene capacitor,
we could reduce its size to match the cavity mode area, which would reduce the
device capacitance by ∼200 times. In addition, to maintain low device resistance,
the graphene leads should quickly taper outward to the metal electrodes. The total
resistance Rg will be summation of the edge contact resistance (∼400 Ω · µm), the
ungated graphene channel resistance (∼500 Ω/sq), and the gated graphene channel
resistance (∼40 Ω/sq) [1]. With this optimized geometry, the calculated Rg would
be ∼1.5 kΩ. Thus, the estimated intrinsic speed would reach 70 GHz. Even lower
resistance and hence higher operating speed could be achieved with chemical doping
of the graphene leads.
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Figure 4.12: A schematic of the optimized device geometry, where the dual-layer graphene capacitor
only overlaps with the three-missing-hole defect region or cavity resonant mode area.
4.4 Optimization of Modulation Depth of PPC-
Graphene-BN Modulator
The modulation depth directly relates to the variation of the optical conductivity of
graphene under different gate voltage. From Fig. 4.8(c), the maximum gate voltage
applied to the graphene sheet only reduces σgr to its half value of the ungated graphene
at VG = 0. This indicates that the modulation depth could be further increased with
a larger gate voltage. In addition, the suspended cavity we used had an intrinsic Q
value of 1050, and decreased to 270 after transferred onto the graphene capacitor. The
ratio of the intrinsic cavity loss (κc) to the excess loss from graphene (κcg) is calculated
as 0.31, indicating a maximum modulation depth of 10 dB if the graphene absorption
was completely blocked [32]. The maximum modulation depth could increase to 20
dB if a cavity with an intrinsic Q value of 3200 were implemented. A higher Q
value would directly translate to higher modulation depth. For PPC cavities, with
optimized structure and fabrication process, a Q value of 104 to 105 is achievable [33].
Another approach to improve the modulation depth would be using chemically doped
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graphene [66, 67, 68, 69], which would reduce the voltage required for entering Pauli
blocking regime below the breakdown voltage of the central BN layer.
4.5 Calculation of Energy consumption of PPC-
Graphene-BN Modulator
We calculated the energy consumption E for per stage switching by considering the
energy required to charge (discharge) the graphene capacitor, which is given by E =
CgV
2/2, where Cg is the device capacitance and V is the swing voltage [55]. As
described in the section above, Cg = 320 fF and the voltage swing is about 2.5
V for the full contrast of 3.2 dB. Therefore, the power consumption of the device
is 1 pJ/bit. For L3 PPC cavities, the overlap between the resonant mode and the
graphene capacitor has an area of only ∼0.5 µm2, corresponding to the three-missing-
hole defect region. The graphene capacitor could therefore be reduced in size to match
this cavity area to lower the capacitance by approximately 200 times, which should
reduce the switching energy to 5 fJ/bit. The cavity bandwidth in this work exceeds
600 GHz for a Q value of 300, i.e., it would be possible to obtain a relatively large
modulation contrast without the need for particularly high-Q cavities, as is required in
silicon carrier-depletion (injection) modulators. This broader bandwidth would also
improve temperature stability, which is a limiting factor in the carrier-modulation Si
modulators [70, 71, 55].
4.6 Chapter Conclusions
In conclusion, we have demonstrated a high-speed, graphene-boron nitride heterostruc-
ture based electro-optic modulator integrated with a PPC nanocavity with microm-
eter scale device footprint. The maximum modulation depth is 3.2 dB with a swing
voltage of only 2.5 V. The modulation originates from the variation of optical con-
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ductivity of graphene under the effect of different electrostatic doping and the strong
coupling between graphene and PPC cavity. At high frequencies, the device exhibits
a 3 dB cut-off frequency up to 1.2 GHz. We estimate that by reducing the graphene
capacitor size from 100 µm2 to 0.5 µm2, the operating speed and switching energy
could be improved by one to two orders of magnitude. These results show that the
strong electro-absorptive effect of graphene in a photonic crystal cavity could enable
high-performance electro-optic modulators with low power consumption, wavelength-
scale footprint, high-speed, and relatively broad bandwidth, which make such devices





Interaction and On-Chip Ultrafast
Graphene Photodetector
Integrated with Waveguide
Graphene has unique electro-optic properties that make it an exceptional material for
broadband, high-speed photodetection [3, 72, 73], including a flat absorption spec-
trum [22] and strong electron-electron interactions [74]. Moreover, due to graphene’s
ultrafast carrier dynamics for both electrons and holes, it has been shown that a
weak internal electric field allows for high-speed and efficient photocarrier separa-
tion [3, 4, 75]. Graphene’s unique electronic band structure enables the creation of
multiple electron-hole pairs with one high-energy photon excitation [76, 77, 78]; this
carrier multiplication process corresponds to inherent gain in graphene photodetec-
tion that exists even without external bias, unlike traditional avalanche detection [79].
Despite these attractive features, graphene’s limited optical absorption results in low
photoresponsivity in normal-incidence graphene photodetector configurations [3, 4].
Graphene sheets have been integrated with microcavities [16], nanocavities [32],
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and plasmon resonators [13, 14] to enhance the photodetection, but these approaches
are restricted to narrow spectral bands. Hybrid graphene-quantum dot photodetec-
tors dramatically improve the responsivity [2], but at the cost of response speed.
Recently, it has been revealed that coupling graphene onto waveguides promises the
enhanced light-absorption on graphene over a broadband spectrum [17, 18, 80].
In this Chapter, we demonstrate a silicon waveguide-integrated graphene photode-
tector that simultaneously exhibits high responsivity, high speed, and broad spectral
bandwidth. Employing a metal-doped graphene junction coupled evanescently to
the waveguide mode, the detector achieves a photoresponsivity exceeding 0.1 A/W,
which is comparable with that obtained in the state-of-the-art germanium photodetec-
tors [81], together with a nearly flat response between 1,450-1,590 nm. With zero-bias
operation, we demonstrate a response rate exceeding 20 GHz and an instrumentation-
limited 12 Gbit/s optical data link. The work in this chapter has been concluded and
published as ref. [82].
5.1 Basic Device Structure and Fabrication Pro-
cess
Fig. 5.1(a) shows the schematic of the waveguide-integrated graphene photodetector.
Fig. 5.1(b) presents an optical microscope image of the completed device. Fig. 5.1(c)
displays a zoomed-in SEM image of the device. This device contains a 53-µm-long
bilayer graphene, which provides approximately twice the absorbance of monolayer
graphene. Two electrodes are evaporated with an asymmetric configuration. The
fabrication of this chip-integrated graphene photodetector requires only two lithogra-
phy steps and no implantation, making it very simple compared to the heterogeneous
integration of other semiconductors [83, 84].
The Si waveguides were fabricated from a SOI wafer with a 220 nm thick Si mem-
brane above 3 µm thick SiO2 film using the standard shallow trench isolation (STI)
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module in CMOS processing. A waveguide width of 520 nm was chosen to ensure a
single TE mode with low transmission loss. To prevent the graphene from fracturing
at the edges of the waveguide, the chip was planarized by first back-filling with a
thick SiO2 layer and then reaching the top Si layer with chemical mechanical polish-
ing. A ∼ 10 nm thick SiO2 layer was deposited on the chip to ensure the electrical
isolation of the graphene layer. The mechanically exfoliated bi-layer graphene was
deposited onto the waveguide using a precision transfer technique [31]. Patterns for
the metal electrodes were defined in a PMMA resist using electron beam lithography,
which provided alignment accuracy of sub-20 nm. The two asymmetric electrodes
were placed about 100 nm and 3.5 µm away from the edges of the Si waveguide, re-
spectively. Ti/Au metal layers of 1 nm/40 nm thickness were deposited using electron
beam evaporation.
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Figure 5.1: A waveguide-integrated graphene photodetector. (a) Schematic illustration of the device.
The Si bus waveguide is fabricated on a SOI wafer. A graphene layer is transferred onto the
planarized waveguide and electrically isolated from the waveguide by a ∼ 10 nm-thick SiO2 spacer.
Two metal electrodes contact the graphene and collect the generated photocurrent. One of the
electrodes is closer to the waveguide to create a potential difference in graphene to couple with the
evanescent optical field of the waveguide, enabling an ultrafast and efficient photodetection. (b)
Optical microscopic top view of the device with a bi-layer graphene covering on the waveguide.
Two Ti/Au (1/40 nm) pads are evaporated onto the graphene sheet. (c) Falsed-color SEM image,
zooming in the boxed region in (b), displays the planarized waveguide (blue), graphene (pink), and
metal electrodes (yellow). Two metal contacts are placed with ∼100 nm and ∼3.5 µm away from the
edges of the Si waveguide, respectively. The width of the waveguide and the length of the bi-layer
graphene are confirmed to be 520 nm and 53 µm, respectively.
5.2 Spatially Resolved Photocurrent Measurement
We use spatially resolved photocurrent measurements to confirm the effect of the
metal-doped graphene junction. The sample is mounted under a confocal microscope
on an X-Y piezo-actuated stage and illuminated from above in free space with a
1,550 nm continuous-wave (CW) laser at a normal incidence angle with spot size of
900 nm. A scanning reflectivity image of the device, Fig. 5.2(a), reveals the details of
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different parts of the device: with metal electrodes exhibiting higher reflectivity than
Si and SiO2 regions. By overlaying the metal edges in the reflection image to the
corresponding SEM image, Fig. 5.2(b), we obtain the location of the Si waveguide,
as marked by the solid white lines in Fig. 5.2. Fig. 5.2(c) maps the photocurrent
obtained under zero external bias voltage. The two narrow regions of high photocur-
rent along the metal/graphene boundaries indicate the expected built-in electric field
between the metal-doped graphene and bulk graphene channel. This metal-doped
junction not only exists at the metal/graphene interface but also extends into the
graphene channel between the two electrodes [73, 85]. Because of the finite spot size
of the excitation laser, we also observe photocurrent underneath the metal electrodes.
The region of the greatest photocurrent coincides with the waveguide, reaching 13 nA
with an excitation power of 50 µW measured after the objective lens. This leads to a
responsivity of 2.6×10−4 A/W, which corresponds to the well-expected low photode-
tection efficiency of the graphene photodetector in the normal-incidence single-pass
excitation configuration [3, 4].
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Figure 5.2: Metal-doped junctions at the metal/graphene interfaces determined by measuring a
spatially resolved photocurrent on a vertical confocal microscope setup with top illumination. The
incident laser has a wavelength of 1,550 nm with 50 µW power measured after the objective lens.
The measurement is conducted at zero bias voltage. (a) Scanning reflection image of the device
indicates the edges of the metal electrodes. (b) SEM image of the corresponding section of the
device. The waveguide is located by overlaying the reflection image (a) to the SEM image (b). (c)
Spatially resolved photocurrent image (in amplitude), represents two photocurrent strips around the
metal/graphene interfaces. A photocurrent profile plotting along the dashed white line is superposed
on the image. All three images have the same dimension scale; the dashed black and solid white lines
show the edges of the metal electrodes and the waveguide, respectively. The scanning photocurrent
image indicates narrow junctions at the metal/graphene interfaces, and one of them overlaps with
the waveguide.
By deconvolving the photocurrent profile plotted in Fig. 5.2(c) with the effect of
the finite laser spot size, numerically integrated along the dashed white line, we obtain
a relative potential profile across the graphene channel [85], as shown in the top of
Fig. 5.3. This result reveals that the graphene has potential gradients around the
boundaries of gold electrodes to yield the corresponding internal electrical field [73].
The graphene beneath the two metal contacts has the same p-type doping level,
which is lower than the intrinsic doping of the graphene channel. Therefore, band
bendings with opposite gradients occur at the two electrode junctions. The bottom
of Fig. 5.3 displays a simulated transverse electric (TE) mode of the Si waveguide
coupled with a bi-layer graphene (dashed white line) and two metal electrodes (yellow
rectangle). We also plot the field distribution along the graphene sheet (red curve),
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indicating the distribution of photocarrier density. Here, the top and bottom images
are aligned horizontally by referring to the relative position to the waveguide. The
correlation of the two images shows a strong internal electric field overlapping with the
optical field of the waveguide mode. In addition, the absence of an overlap between
the optical field and the potential difference created by the left electrode shown in
Fig. 5.3 ensures the acceleration of electrons (or holes) only in one direction and
the absence of cancellation in the net photocurrent [3, 4]. Therefore, our optimized
asymmetric metal-electrode design provides a high internal quantum efficiency for
collecting photocarriers.
Figure 5.3: Top: Potential profile (solid black line) crosses the graphene channel calculated by
the numerical integration of the photocurrent plotted in Fig. 5.2(c) along the dashed white line,
showing the band-bending around the two metal electrodes but with different signs of gradient. The
dashed red line denotes the Fermi level. Bottom: Simulated electrical field of the TE guided mode
for the waveguide integrated with a graphene bi-layer and metal contacts. Field distribution (red
curve) on the graphene layer is superposed onto the image. The top and bottom images are aligned
horizontally by referring to the relative position to the waveguide; the position of the left and right
electrodes are symbolic. The band-bending around the metal/graphene interface overlaps effectively
with the optical field across the waveguide, which illustrates the working principle of the graphene
photodetection on the waveguide.
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5.3 Characteristic of Photoresponsivity of Waveguide-
Integrated Graphene Photodetector
In testing the performance of the waveguide-integrated graphene detector, light is
coupled from lensed fibers into and out of the waveguide via SU8 edge-couplers at op-
posite ends of the Si waveguide. The polarization of the input is controlled to match
the TE mode of the waveguide. From the measurements of waveguide transmissions
before and after the graphene transfer, we estimate an extrinsic transmission loss of
4.8 dB caused by the 53 µm-long bi-layer graphene — much greater than the 0.1 dB
absorption in the normal-incidence configuration [3, 4]. The transmission loss indi-
cates an absorption coefficient of 0.09 dB/µm. Estimating the absorption from the
complex effective index of the simulated guided mode, we obtain the absorption coef-
ficient of a graphene bi-layer to be 0.085 dB/µm. We attribute the greater absorption
coefficient obtained in our device to the extra scattering and back-reflection caused by
the graphene/waveguide interface. From the simulation, we also calculate the contri-
bution from the 40 nm thick metal contact to the total extrinsic loss, which indicates
an absorption coefficient of ∼0.009 dB/µm. Thus, the graphene layer is responsible
for approximately 90% of the total extrinsic transmission loss of the waveguide.
To measure the photodetection efficiency of the device, we modulate a 1,550 nm
CW input laser (HP 8168F, tuning range of 1450 nm to 1590 nm) at a low frequency (1
KHz) and detect the short-circuit photocurrent through a pre-amplifier and a lock-
in amplifier. Fig. 5.4 plots the photocurrent (Iphoto) of the device versus different
incident power (Pinput) obtained at zero bias voltage (VB = 0). Here, Pinput is the
power reaching the waveguide-graphene detector, estimated by taking into account
of the intrinsic input facet coupling loss and the Si waveguide transmission loss. This
measurement indicates an external responsivity (Iphoto/Pinput) of 15.7 mA/W — two
orders of magnitude higher than the value obtained from normal incidence. This
dramatic responsivity improvement is due to the longer light-graphene interaction
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path and efficient separation of the photoexcited electron-hole pairs resulting from
the strong local electric field across the metal-doped junction. Moreover Fig. 5.4
shows the photocurrent approaches zero linearly under low-power optical excitation,
which indicates the possible zero dark current operation of the device.
Figure 5.4: Measured photocurrent of the device excited through waveguide as a function of the
incident power of a CW laser at zeros bias, shows a photoresponsivity of 15.7 mA/W. Inset: Pho-
tocurrent as a function of the excited power from a pulsed OPO laser at the wavelength of 2,000
nm, exhibits photocurrent saturation starting from the incident power of 760 µW.
We further enhance the external responsivity by applying a bias voltage VB across
the channel. The results are plotted in Fig. 5.5 by subtracting out the dark current.
When VB >0, the external bias builds an extra electric field along the direction
of the internal field and therefore enhances the separation of photocarriers, which
increases the responsivity to a value as high as 0.108 A/W at VB = 1 V. If VB <0, the
photocurrent decreases due to the compensation between the external and internal
fields, vanishing for VB = −175 mV. The photocurrent changes sign when the bias
is decreased further. We note that the responsivity is linear with respect to the
bias voltage, without saturation even under high bias, which indicates that the wide
evanescent field of the waveguide excites a large carrier density in the graphene layer.
Thus, even higher photocurrent is expected under increased bias. To suppress the
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enhanced dark current for high bias voltages, one could induce a band gap in the
bilayer graphene by the application of a strong perpendicular electric field [51].
Figure 5.5: Bias dependence of the photoresponsivity.
Due to the spectrally flat absorption of graphene, we expect that this photode-
tector will be able to operate over a very broad range of wavelengths. We observe
a nearly flat photocurrent in spectrally-resolved photodetection measurements with
zero-bias from 1450 nm to 1590 nm for a fixed optical input power, as shown in Fig.
5.6. The flat response suggests the possibility of carrier multiplication, as recently
reported in vertical incidence experiments [78], but further studies are needed on this
effect in the waveguide configuration. As the detector works in a waveguide-integrated
configuration, the long absorption length on the graphene sheet enables a large power
range. There is no observable saturation of photocurrent under CW laser excitation
at launching powers up to 10 dBm into the detector. Photoresponse measurements
were also performed using a pulsed optical parametric oscillator (OPO) source at a
wavelength of 2,000 nm. The inset in Fig. 5.4 shows the generated photocurrent
as a function of the average incident power of the OPO pulsed source (250 fs pulses
at a repetition rate of 78 MHz), indicating a saturation of the photocurrent for an
incident power near 760 µW. We estimate that under these conditions, the graphene
layer will experience a peak intensity of 6.1 GW/cm2, corresponding to the threshold
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of the saturable absorption in graphene due to Pauli blocking [86].
Figure 5.6: Broadband flat responsivity over a wavelength range from 1450 nm to 1590 nm measured
with zero-bias.
5.4 Ultrafast Dynamic Photoresponse of Waveguide-
Integrated Graphene Photodetector
Unlike conventional semiconductors, both electrons and holes in graphene have very
high mobility, and a moderate internal electric field allows an ultrafast and efficient
photocarrier separation. We examine the high-speed response of the device using
a commercial lightwave component analyzer (LCA, Agilent 8703) with an internal
laser source and network analyzer (NA). The output of the LCA (at the wavelength
of 1,550 nm with an average power of 1 mW) was coupled into the device. The
photocurrent signal was extracted through a G-S microwave probe with frequency
capability up to 40 GHz (Cascade Microtech) and fed back to the input port of the
NA. The frequency response (scattering parameter S21) was recorded as the optical
modulation frequency was swept between 0.13 GHz and 20 GHz. Fig. 5.7 displays
the a.c. photoresponse of the device at zero-bias, showing about 1 dB degradation of
the signal at 20 GHz. Graphene’s extremely high carrier mobility enables an intrinsic
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photoresponse faster than 640 GHz [4]. The observed degradation of the dynamic
response can be attributed to a large capacitance from the relatively large device
area.
Figure 5.7: Ultrafast dynamic photoresponsivity of the device. The relative a.c. photoresponse as a
function of light intensity modulation frequency shows about 1 dB degradation of the signal at the
frequency of 20 GHz. The inset displays a 12 Gbit s−1 optical data link test of the device, showing
a clear eye-opening.
To gauge the viability of the waveguide-integrated graphene photodetector in re-
alistic optical applications, we perform an optical data transmission at 12 Gbit s−1. A
pulsed pattern generator (Anritsu MP1763B) with a maximum 12 Gbit s−1 internal
electrical bit stream modulates an 1,550 nm CW laser via an electro-optic modula-
tor. About 10 dBm average optical power is launched into the waveguide-graphene
detector. The output electrical data stream from the graphene detector is amplified
(through an RF power amplifier, ZVA-183w+, with a gain of 30 dB and bandwidth
of 18 GHz) and sent to a digital communication analyzer (Agilent DSO81004A wide-
band oscilloscope) to obtain an eye diagram. As shown in the inset of Fig. 5.7, a
clear eye-opening diagram at 12 Gbit s−1 is obtained.
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5.5 Chapter Conclusions
In summary, we have demonstrated a high-performance waveguide-integrated graphene
photodetector. The extended interaction between graphene and the Si waveguide en-
ables a notable photodetection responsivity of 0.108 A/W, which approaches that
of commercial non-avalanche photodetectors [81]. We expect that the responsivity
could be further improved through the following refinements of the design: (1) More
efficient graphene absorption for the photodetector can be achieved by extending the
graphene length and coupling the graphene with a transverse magnetic waveguide
mode which has a stronger evanescent field [17]. (2) The metal-doped junction of the
current photodetector gives rise to an internal quantum efficiency as high as 3.8%
at zero VB [4]. We estimate that this efficiency can be improved (up to 15%—30%)
by electrically gating the graphene layer to reshape the depth and location of the
potential difference [73, 85, 87]. (3) In future devices, the metal electrode used to
create the metal-doped graphene junction can be evaporated thinner to lower the
light-absorption into metals. The improved designs could promise a strong photore-
sponse of the detector, which is reliable for realistic photonic applications even at
zero-bias.
Moreover, the presented device can work with an ultrafast dynamic response at
zero-bias operation, allowing the low on-chip power consumption. We have fabricated
devices on waveguide chips with silicon nitride (SiN) couplers showing 3 dB fiber-to-
waveguide coupling loss. The SiN couplers enable high-temperature steps required in
the CMOS-process; high-temperature annealing is also compatible with graphene. In
addition, the planarization of the photonic integrated circuit enables reliable transfer
of wafer-scale graphene sheet with low probability of rupture. Therefore, CMOS-
processing compatibility of our device appears feasible in the near-term through (1)
the use of CVD-grown graphene, either transferred or selectively grown on the waveg-
uide chip [88], and (2) deposition of CMOS-compatible metal to replace gold in the
Ti/Au contacts. This waveguide-based graphene photodetector, with the combined
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advantages of a compact footprint, zero-bias operation and ultrafast responsivity over








In this chapter, I will demonstrate a 2D heterostructure consisting of graphene encap-
sulated by BN in a compact waveguide-integrated design. Comparing to the device
introduced in Chapter 5, this detector enables both improved high-responsivity pho-
todetection and ultrafast pulse metrology benefiting from the extra gate tunability,
high carrier mobility and low channel and contact resistivity brought by the new de-
vice design. The work in this chapter has been concluded and published as ref. [89].
(Reproduced with permission from [89]. Copyright (2015) American Chemical Soci-
ety.)
The mobility of BN-encapsulated graphene can reach up to 104 ∼ 105 cm2/V·s
at room temperature depending on the carrier density [1], exceeding that of tradi-
tional semiconductors such as Ge by 1-3 orders of magnitude. We implement one-
dimensional contacts to electrically interface the BN/graphene/BN stack combined
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with a wide channel design to achieve a device resistance as low as ∼ 77 Ω. We mea-
sure operating speeds exceeding 40 GHz (3 dB cut-off) and a record-high detection
responsivity exceeding 350 mA/W, approaching the responsivity set by the on-chip
Si-Ge photodetectors [81]. From photocurrent measurements as a function of the gate
and source-drain voltages, we conclude that the photoresponse is consistent with hot
electron mediated effects.
The strong electron-electron interaction and weak electron-phonon coupling of the
graphene [76, 90, 91] result in a nonlinear photoresponse above ∼ 50 mW of input
peak power, enabling direct autocorrelation characterization of ultrafast pulses with
picosecond-scale timing resolution and exceptionally low peak powers, comparable
to autocorrelators based on two-photon absorption (TPA) of silicon or III-V com-
pound semiconductors, though TPA-based autocorrelators must be orders of magni-
tude longer than the graphene detector [92]. The ability for high responsivity pho-
todetection and ultrafast optical autocorrelation in one small-footprint device opens
the door to new applications and device concepts in integrated optics.
6.1 Basic Device Structure and Fabrication Pro-
cess
Fig. 6.1 illustrates the device architecture. Silicon waveguides were fabricated in an
SOI wafer with a 220 nm silicon membrane on a 3-µm-thick SiO2 layer with shallow
trench isolation (STI) technique commonly used in CMOS processing. A waveguide
width of 520 nm supports a single transverse-electric (TE) mode shown in the sim-
ulated mode in Fig. 6.1 (lower right panel). The chip was planarized by backfilling
with a thick SiO2 layer, followed by chemical mechanical polishing to reach the top
silicon surface. We then transferred the multilayered BN/graphene/BN stack onto the
waveguide using van der Waals (vdW) assembly technique [1]. The graphene channel
spans 40 µm along the waveguide. We implemented one-dimensional edge contacts to
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electrically interface the encapsulated graphene layer. The device is fabricated with
a series of lithography, etching and metallization steps [1]. A polymer electrolyte
(polyethylene oxide and LiClO4) layer was spin-coated on the entire chip to electri-
cally gate the graphene device [52]. Fig. 6.2 shows the optical image of the completed
device structure. The drain electrode is positioned only 200 nm from the waveguide
to induce a possible p-n junction near the optical mode of the waveguide [93].
Figure 6.1: A schematic of the waveguide-integrated graphene-BN photodetector. The bottom right
inset shows the electric field energy density of the fundamental TE waveguide mode, obtained by
finite-element simulation.
Figure 6.2: Optical microscope image (upper panel) and an SEM image (lower panel) of the com-
pleted device.
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6.2 Spatially Resolved Photocurrent Measurement
of Graphene-BN Heterostructure
Similar to previous chapter, to perform spatially resolved photocurrent measurement
of the graphene detector, we mounted the sample on a 3-axis scanning stage under
a confocal microscope setup. The sample were excited vertically with a 1550 nm
CW laser modulated at 20 kHz and the short-circuit photocurrent is collected using
a transimpedance amplifier (SRS SR570) at zero drain-source bias (VDS = 0). The
output of the transimpedance amplifier was then recorded using a lock-in amplifier.
We simultaneously collected the reflection from the sample to locate the position of
the electrodes, as shown in Fig. 6.3(a). By overlaying the reflection measurement to
the SEM image of the same region, Fig. 6.3(b), we obtained the location of the silicon
waveguide and metal electrodes in the photocurrent image, Fig. 6.3(c). As shown in
Fig. 6.3(c), the two narrow strips showing regions of strong photocurrent response
indicates the built-in junctions in the vicinity of the metal/graphene interfaces [73, 85].
This junction extends from metal to the graphene channel with a width of ∼ 500 nm,
overlapping with the straight silicon waveguide (solid white lines). The overlapping of
the waveguide with the metal/graphene junction is critical to enhance photoresponse
of the detector when it is excited from the waveguide. The photocurrent at the
metal/graphene interface reaches 60 nA with a 100 µW input power measured after
the objective. The responsivity is 0.6 mA/W, consistent with previous reports [3, 4].
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Figure 6.3: (a) Scanning reflectivity measurement of the graphene photodetector with top illumina-
tion. A dark strip is sandwiched by two bright areas, indicating the boundary of Au metal contacts.
(b) A SEM image of the same area measured in (a). (c) Photocurrent image of the graphene pho-
todetector in the same area as (a). The dashed red lines indicate the location of metal edges and
the white solid lines mark the location of the waveguide. Scale bar: 2µm
The resistance of the graphene device is measured using a lock-in amplifier. A
current bias of IAC = 100 nArms was applied to the graphene device and the differential
resistance R = dVSD/dI, where VSD is the source-drain voltage, is recorded. The gate-
source voltage VGS was applied using a source meter (Keithley 2400). The resistance
as a function of VGS is displayed in Fig. 6.4 and indicates a charge neutrality point
(CNP) at a gate-source voltage of VGS = 2 V and a minimum device resistance of 77
Ω. The field effect mobility, estimated from the electrolyte capacitance [52] on top of a
35-nm-thick BN capping layer, is 1,000 cm2/V·s. The mobility extracted from a two-
probe geometry could be very well underestimated due to inevitable contact resistance
in the device. From similar BN/graphene/BN stacks assembled on SiO2 substrates,
which is designed into a Hall-bar geometry that was not possible for us to implement
on the waveguide-integrated device. The mobility of ultra-high quality encapsulated
graphene device is reported to be in the range of 40,000 ∼ 60,000 cm2/V·s at carrier
densities between 2 ∼ 4×1012 cm−2 [1].
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Figure 6.4: Resistance of the graphene-BN device as a function of gate-source voltage VGS . A
resistance peak at VGS = 2 V indicates the charge neutrality point.
6.3 Characteristic of Photoresponsivity of Waveguide-
Integrated Graphene-BN photodetector
We characterized the transmission of the completed device in the telecommunications
band at 1550 nm, using lensed fibers for edge-coupling to SiN mode converters at the
input and output of the ∼ 4-mm-long Si waveguide, as reported previously [82]. The
BN/graphene/BN stack is located at the center of the waveguide, ∼ 2 mm from either
edge facet. The transferred stack increases the waveguide transmission loss from 11 dB
to 13.2 dB. Attributing this 2.2 dB excess loss to the 40-µm-long graphene-waveguide
overlap, we calculate an absorption coefficient of 0.055 dB/µm. This coefficient is
slightly higher than the absorption of 0.043 dB/µm that we estimated independently
from a finite element simulation of the waveguide evanescent field coupling to the
graphene sheet [82] (note that the BN is transparent in the telecom band since it
has a bandgap of ∼6 eV). We attribute the slightly higher loss (0.48 dB) of the
experimental device to additional scattering and reflection losses at the waveguide-
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stack interface. We observed negligible transmission loss from the electrolyte.
Fig. 6.5(a) presents responsivity measurements as a function of VGS and VDS
when the detector is excited by a 25 µW CW laser transmitted through the waveg-
uide. The responsivity is defined as the ratio of the short-circuit photocurrent to
the optical power in the waveguide, R = Iph/Pin. Unlike previously demonstrated
waveguide-integrated graphene photodetectors, which included only drain-source volt-
age control [82, 93, 94], the additional top electrolyte-gate allows us to independently
tune the graphene Fermi level and electric field across the waveguide mode. Scanning
VGS and VDS produces a six-fold pattern in the photocurrent mapping, which quali-
tatively matches the behavior of the photothermoelectric (PTE) effect [76, 95]. The
photocurrent reaches a maximum of 0.36 A/W at VGS = 2 V and VDS = 1.2 V; this
represents a more than three-fold improvement over previous waveguide-integrated
graphene photodetectors [82, 93, 94], including the one demonstrated in previous
chapter.
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Figure 6.5: (a) Measured and (b) calculated responsivity as a function of gate-source VGS and drain-
source VDS voltages. (c) and (d) shows the electron temperature profile of the single layer graphene
under c.w. optical excitation transmitted through the waveguide (top panel). Bottom panel: The
Seebeck coefficient profiles of the graphene at different VGS and VDS that are indicated as the
colored dots in (b).
To explain the measured six-fold pattern in the responsivity map, we consider the
PTE effect for the metal/graphene junction that overlaps with the waveguide. The
evanescent field from the waveguide creates photo-excited carriers in graphene, which
rapidly thermalize and increase the local electron temperature. The photo-excited
hot-electrons diffuse and create a potential gradient ∆V = −S(x)∇Tel(x), where
∇Tel(x) is the temperature gradient of the hot electrons and S(x) is the Seebeck







where G is the conductance of graphene and L the is length of the graphene channel.
For single layer graphene, the conductance can be described by [76, 96]





2 , n = Cg(VGS − VCNP )/e (6.2)
where n is the carrier density of graphene, σmin is the minimum conductivity, ∆n
is the width of the charge neutrality region, Cg is the gate capacitance, VCNP is the
voltage at charge neutrality point and e is the elementary charge. We fitted the
measured conductance data to Eq. 6.2, as the red curve in Fig. 6.6.
Figure 6.6: Measured conductance (black) of the graphene and the fitting of Eq. 6.2 to the experi-
mental data (red).
In steady state, the electronic temperature (Te) distribution of the graphene device




+ γCel(Te − T0) = P (x) (6.3)
where κ is the thermal conductivity, γ is the energy loss-rate via electron phonon
scattering, T0 is the lattice temperature and P (x) is the intensity profile of the the
excitation waveguide mode. The characteristic cooling length ξ = (κ/γCel)
1/2, which
is implemented as a fitting parameter in our calculation, is ∼ 1 µm, consistent with
previous studies at room temperature [97]. The calculated Te(x) profile of graphene
is shown in the top panel of Fig. 6.5(c) and (d).
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where kB is the Boltzmann constant, T is the lattice temperature, e is the electron
charge, σ is the conductivity of graphene, and µ is the chemical potential. Eq. 6.4
indicates that Seebeck coefficient S depends strongly on the carrier density and the
chemical potential of graphene, which can be tuned by VGS and VDS in our device,
shown in Fig. 6.5(c) and (d).
The chemical potential profiles µ(x) of the graphene device along the source and
drain contacts are illustrated in Fig. 6.7(a) for different gate-source VGS voltages.
Using the extracted parameters for Eq. 6.2 and 6.4, we then calculated S(x) for
the graphene channel at different VGS. On the other hand, drain-source voltage
VDS modifies the doping of the graphene channel, as illustrated in Fig. 6.7 (b),(c)
and (d) for the case of VDS = 0, < 0 and > 0, respectively. The spatial doping
profile n(x) of the graphene can be described using a field effect model [99]: n(x) =
Cg(VGS − VDS(x) − VCNP )/e, where x is the distance along the source and drain
contacts of the graphene channel and VDS(x) is the potential in the channel. The
orange shaded region in Fig. 6.7 represents the region where the chemical potential
of graphene is fixed because of the presence of metal. At the moment, we choose a
Seebeck coefficient S = 3 µV/K for the pinned chemical potential of graphene near
metal. To further confirm the chemical potential of the graphene with the edge-
contacted geometry, more studies are needed in the future. However, we note that
the fixed strength of doping does not influence the qualitative shape of the gate- and
bias-dependent PTE photocurrent.
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Figure 6.7: (a) Band diagram of the graphene channel at the metal-graphene interference. Black
dash line represents the Fermi level; blue solid line represents the CNP of the graphene. (b)(c)(d)
Band diagram of the graphene channel at VDS = 0, VDS < 0 and VDS > 0, respectively.
By integrating S(x) and ∇Tel along the source and drain contacts using Eq. 6.1,
we can therefore calculate the photocurrent with respect to VGS and VDS, and produce
the photocurrent mapping in Fig. 6.5(b), which shows a six-fold pattern qualitatively
similar to the measured gate- and bias-dependent responsivity. From Fig. 6.5(b)-
(d), the photoresponse is maximized when the integral of Eq. 6.1 is maximized
at specific VGS and VDS voltages. Therefore, tuning VGS and VDS in our device
allows us to optimize the responsivity with an extra degree compared with previous
works [82, 93, 94] including the one discussed in Chapter 5.
It is also important to consider photovoltaic (PV) effect that generate photocur-
rent at the graphene p-n junction. However, the PV effect only produces a single sign
reversal with respect to VGS and VDS and does not agree to the measured six-fold
pattern in the experiment [5, 76]. We therefore estimate the PV effect to be small
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where hν is the photon energy, L and α are the length and absorption of graphene,
l0 is the cross-section of laser excitation, µ is the carrier mobility and τ0 is the carrier
lifetime. For the incident photo energy (0.8 eV), mobility (1,000 cm2/V·s) and length
of graphene (3 µm) used in our experiments, we obtain IHC/IPV ∼ 21, suggesting
that PV effect does not dominate the response of the graphene detector, but PTE
does.
6.4 Ultrafast Dynamic Photoresponse of Waveguide-
Integrated Graphene-BN Photodetector
To test the dynamic response of the BN/graphene/BN detector, we coupled two nar-
rowband (1 MHz) laser sources with a detuning frequency ∆f ranging from 1 to 50
GHz into the waveguide. The interference of these two laser fields produces an inten-
sity in the detector that oscillates at frequency ∆f . Fig. 6.8(a) displays the measured
power at ∆f , obtained on an electrical spectrum analyzer (maximum frequency 50
GHz) via high-speed RF probes (Cascade FPC-GS-150). This measurement indi-
cates a 3-dB cutoff frequency at 42 GHz, matching the highest reported graphene
photodetector speed [100]. We observed this ultrafast photoresponse even under zero
drain-source bias, which distinguishes graphene photodetector from typical semicon-
ductor high-speed photodiode [81].
The detected photocurrent at VDS = 0, Fig. 6.8(b), linearly reduces with de-
creased input power, indicating vanishing dark current. The responsivity at VDS = 0
reaches 78 mA/W. The internal quantum efficiency (IQE) of the detector, defined
as the number of generated charge carriers normalized by the absorbed photon num-
ber, can be expressed as IQE = 1.24/λ[µm]×R/Ag, where R is the responsivity of
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the detector, λ is the input laser wavelength, and Ag is the absorption of graphene.
Accounting for the fact that the graphene absorbs ∼ 33−40% (1.7−2.2 dB) of the op-
tical power in the waveguide at 1550 nm, we can thus estimate an IQE of 16−19% at
VDS = 0 and a maximum IQE of 72− 87% at maximum responsivity (0.36 A/W). As
shown in Fig. 6.8(c), the spectral response of the detector under c.w. laser excitation
stays quite flat in the spectral range from 1510 nm to 1570 nm.
Figure 6.8: (a) High-speed response of the graphene photodetector. The red dashed line shows
the fitting to the experiment results with a RC low-pass filter model. The extracted 3 dB cut-off
frequency is at 42 GHz. (b) Photocurrent as a function of input optical power. (c) Spectral response
of the normalized photocurrent for c.w. laser excitation.
6.5 Characteristic of Ultrafast Optical Autocorre-
lation
In this section, we excited the detector using 250-fs pulses at 1800 nm, produced
by an optical parametric oscillator pumped by a Ti:Sapphire oscillator with 78 MHz
repetition rate, schematically displayed in Fig. 6.9, as the measurement setup. As
shown in Fig. 6.10(a), the photocurrent shows a nonlinear photoresponse that is fit
well by IPh ∝ P 0.47±0.003in . This approximately square root dependence in photocurrent
with pump power suggests a supercollision-dominated cooling mechanism, for which
IPh ∝
√
Pin [91]. Using this nonlinear photoresponse, we were able to characterize
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the ultimate speed limitation of our photodetector, which is governed by the internal
carrier dynamics. Fig. 6.10(b) plots photocurrent traces as a function of the time
delay ∆t between pairs of 250-fs laser pulses for a range of incident powers. These
traces show a clear dip at ∆t = 0 with a width that corresponds to the carrier relax-
ation time, i.e., the time needed for the graphene detector to return to equilibrium.
The half-width at half-maximum response times τ are plotted in Fig. 6.10(c) for a
sweep of input powers. The minimum response time is approximately ∼ 3 ps. The
slight increase of the response time at higher input power is unclear to us at this point
and requires future studies.
Figure 6.9: Experimental setup for the temporal autocorrelation measurement using the waveguide-
integrated graphene-BN autocorrelator.
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Figure 6.10: (a) Photocurrent of the on-chip graphene detector under pulsed (250 fs) excitation.
The black curve shows a fitting of the experimental data (red dots) with IPhoto ∝ P 0.47±0.003in .
(b) Autocorrelation traces of the graphene-based autocorrelator with different input peak power
of the laser pulses. (c) The response time (τ) of the graphene autocorrelator at different input
excitation power. (d) An autocorrelation trace measured with small input average power of 1.4 µW,
corresponding to a peak power of 67 mW.
The picosecond-scale nonlinear photocurrent from the photodetector can be used
for on-chip autocorrelation measurements for, e.g., ultrafast optical sampling. We
tested the autocorrelator with an average power of only 1.4 µW (peak power of
67 mW) in the waveguide. The autocorrelation trace, Fig. 6.10(d), shows a clear
dip with a minimum resolution down to 3 ps. With optimized coupling efficiency (>
80%) from optical fibers to waveguides [101], our on-chip autocorrelator would require
a lower peak power than free-space autocorrelators based on parametric frequency
conversion (Reef femtosecond autocorrelator Reef-RTD and Femtochrome Research
Inc. FR-103WS) and is comparable to TPA-based semiconductor autocorrelators
with waveguide integration, which require more than 10 mm of waveguide length [92,
102, 103] compared with the 40 µm length of our graphene detector. We note that the
femtosecond-scale heating of the hot-electrons in graphene in a recent report could in
principle improve the timing resolution of the on-chip autocorrelator to sub-50 fs [104].
It is also important to note that this graphene-based autocorrelator supports a broad
spectral range that is identical to the spectral response of the graphene detector,
86
which, in this work, is from 1500 nm to 1800 nm.
6.6 Chapter Conclusions
In summary, we have demonstrated a compact, high-speed and high-responsivity
graphene photodetector integrated into a SOI waveguide. The detector reaches a
responsivity of 0.36 A/W and a 3 dB cut-off frequency of 42 GHz. The measured
photocurrent of the detector as a function of VGS and VDS can be modeled by the
PTE effect at the p-n junction near the metal/graphene interface. The fabrication
processes presented here show the potential of 2D heterostructure-based photode-
tector architectures integrated with CMOS-compatible silicon photonic integrated
circuits (PICs). We expect that the detector responsivity can be further improved by
increasing the IQE [76, 104], and raising the absorption using bi- or trilayer graphene
instead of single layer. Under pulsed excitation, the nonlinear photocurrent response
enables the characterization of ultrafast optical pulses and presents new on-chip func-
tionalities for autocorrelation and ultrafast optical sampling measurements. The peak
power required for autocorrelation measurements is as low as 67 mW with a timing
resolution of 3 ps. The fully integrated autocorrelator and detector paves the gate-





The unique electrical and optical properties make graphene a promising material for
real world optoelectronic applications, where a much stronger light-graphene interac-
tion is desired. Two major techniques – integration of graphene with confined optical
structures, such as PPC nanocavities and waveguides are proposed and examined in
this thesis.
A controlled and enhanced light-graphene interaction is achieved through the cou-
pling of graphene with strong localized modes of PPC nanocavities and waveguides.
By exploiting the electro-optic behavior of graphene, a high-contrast electrolyte-gated
graphene modulator integrated with PPC nanocavities is demonstrated. An improved
version is then made, which takes advantage of high quality graphene-BN heterostruc-
tures to further extend the response into GHz regime.
In addition, a waveguide-integrated graphene photodetector is demonstrated with
high responsivity, ultrafast speed, and broad spectral bandwidth. An upgraded ver-
sion, again taking advantage of high quality graphene-BN heterostructures, shows
improved and promising figures of merit. Hopefully these graphene or graphene-BN
heterostructure based optical interconnects presented in this thesis can pave the way
for integration of graphene in hybrid silicon-photonic circuits for advancing optical
communication technologies.
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7.1 Summary of Contributions
Chapter 1 laid out some basic yet unique electrical and optical properties of graphene
and motivated the need of integrating graphene with confined optical structures to
realize the controlled and enhanced light-graphene interaction, which sets the foun-
dation to achieve a wide variety of functionalities in graphene-based optical intercon-
nects. Several techniques of fabricating graphene and graphene-BN heterostructure
devices used in this thesis were also presented.
Chapter 2 demonstrated a large enhancement of light-graphene interaction cou-
pled with localized modes in a PPC nanocavity. The spectroscopic studies were
shown as evidence of such enhanced interaction. A 20 dB attenuation of the cavity
reflection rendered by graphene is observed. Cavity-enhanced Raman spectroscopy
on sub-wavelength regions of graphene is also studied. A proposed coupled mode
theory framework matches the experimental observations and indicates significantly
increased light absorption (can potentially reach up to 45% absorption with optimized
PPC design) in the graphene layer at the resonant frequency of PPC nanocavity. The
coupled graphene-cavity system also enables precise measurements of graphene’s com-
plex refractive index. [32]
Chapter 3 demonstrated a high-contrast electro-optic modulation of a PPC nanocav-
ity integrated with an electrically gated monolayer graphene. A silicon air-slot nanocav-
ity provided strong overlap between the resonant optical field and graphene with de-
vice footprint of only a few microns. Tuning the Fermi energy of the graphene layer to
as much as 0.85 eV by electrolyte gating enabled strong control of its optical conduc-
tivity at telecom wavelengths, which allowed for modulation of the cavity reflection in
excess of 10 dB for a swing voltage of only 1.5 V. The switching energy is estimated
to be 340 fJ from a calculation of the capacitive charging energy. This simple device
structure exhibits the feasibility of high-contrast, low-power, and frequency-selective
electro-optic modulators in graphene-integrated silicon photonic chips. [50]
Chapter 4 presented an improved and yet novel modulator architecture by com-
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bining a high-mobility dual-layer graphene capacitor encapsulated by BN and a PPC
nanocavity. The PPC cavity greatly amplified the absorption of light into the two
graphene sheets. The modulation occurred as the top and bottom graphene layers
were oppositely doped by the induced electrostatic potential; when the respective
Fermi levels were shifted to half of the incident photon energy (h̄ω/2), Pauli blocking
suppressed the optical absorption. A maximum modulation depth of 3.2 dB within
a voltage swing of only 2.5 V was achieved. The modulation speed was greatly im-
proved over previously demonstrated cavity-integrated graphene modulators relying
on electrolyte gating; a 3dB cut-off frequency was measured at 1.2 GHz, which ap-
peared to be RC time constant limited. The power consumption was calculated as
1 pJ/bit. By reducing the graphene capacitor size to only overlap the ∼ µm2 size
of the resonant mode area of PPC nanocavity, the operating speed and switching
energy could be potentially improved by one or two orders of magnitude. These re-
sults showed that the strong electro-absorptive effect of graphene in a PPC cavity
could enable high-performance electro-optic modulators with low power consump-
tion, wavelength-scale footprint, high-speed, and relatively broad bandwidth. Such
devices are promising for efficient and stable electrical-to-optical signal conversion in
photonic interconnects. [62]
Chapter 5 demonstrated a high-performance waveguide-integrated graphene pho-
todetector. By extending the interaction length between graphene and the Si waveg-
uide and employing a metal-dope graphene junction coupled evanescently to the
waveguide mode, a notable photodetection responsivity exceeding 0.1 A/W was mea-
sured. And this responsivity also exhibits nearly flat response between 1,450-1,590 nm.
With zero-bias operation, an ultrafast response rate exceeding 20 GHz and an instru-
mentation limited 12 Gbit/s optical data link were acquired. This waveguide-based
graphene photodetector, with the combined advantages of a compact footprint, zero-
bias operation, and ultrafast responsivity over a broad spectral range, promises to
enable novel architectures for on-chip optical communications. [82]
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Chapter 6 presented an upgraded waveguide-integrated graphene photodetector
by using an encapsulated graphene-BN heterostructure, which enabled both improved
high-responsivity photodetection and ultrafast pulse metrology compared to the de-
vice introduced in the previous chapter. Benefiting from the extra gate tunability,
high carrier mobility, and low channel/contact resistance brought by the new device
design, a record-high photodetection responsivity exceeding 350 mA/W was mea-
sured, approaching the responsivitiy of on-chip Si-Ge photodetectors. A 3 dB cut-off
operating frequency was shown to exceed 40 GHz. The measured photocurrent of
the detector as a function of VGS and VDS can be modeled by the PTE effect at the
p-n junction near the metal/graphene interface. Under pulsed excitation, the non-
linear photocurrent response enabled the characterization of ultrafast optical pulses
and presented the new on-chip functionalities for autocorrelation and ultrafast optical
sampling measurements. The peak power required for autocorrelation measurements
was as low as 67 mW with a timing resolution of 3 ps. The fully integrated photode-
tector and autocorrelator pave the way to compact photonic integrated circuits for
ultrafast measurements, mode-locking, and other high-speed optoelectronic applica-
tions. [89]
7.2 Future Work
In chapter 3, we first demonstrated a high-contrast (10 dB modulation depth) mod-
ulator taking advantage of the strong shift of Fermi energy (0.85 eV) by using very
effective electrolyte gating. However, due to the slow mobility of ionic electrolyte, the
speed was limited to only tens of kHz; then for the purpose of improving the response
speed, we created a novel structure consisting of encapsulated dual-layer graphene
capacitor heterostructure protected by BN layers, where the graphene layers severed
as gates and supplied gate voltage to each other. Because of the high carrier mobility
of graphene, the device operation speed was improved to GHz regime and appeared to
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be limited by RC time constant. In future studies, by reducing the graphene capacitor
size to only overlap the ∼ µm2 size of the resonant mode area of PPC nanocavity, the
operating speed and switching energy could be potentially improved by one to two
orders of magnitude. Other than the speed and energy consumption, the modulation
depth could also be improved in future studies: in the dual-layer graphene capacitor,
a thin (10 nm) dielectric BN layer was used to separate the two graphene sheets,
which limited the maximum gate voltage applied due to electrical breakdown. The
maximum gate voltage applied before breakdown only reduced the optical conductiv-
ity of graphene to half of its ungated value; the modulation depth could be further
improved by using chemically p and n doped graphene [66, 67, 68, 105] to reduce the
required voltage for entering Pauli blocking regime below the breakdown voltage of
the dielectric BN layer without sacrificing the operation speed. And a higher Q factor
of the PPC nanocavity can also lead to a higher modulation depth.
In chapter 5, we demonstrated waveguide-integrated graphene modulator by just
using one layer of graphene. The photo-excited carrier was separated by the metal-
doped graphene junction and photocurrent was collected by the source-drain elec-
trodes. The on-chip graphene detector shows 0.1 A/W responsivity and 20 GHz
operation speed. In chapter 6, instead of just using one layer of graphene, we utilized
the graphene-BN heterostructure with high mobility and low channel/contact resis-
tance. Another degree of tunability—gate voltage is also introduced. With the help
of these upgrades, we further improved already promising figure of merit by a factor
of 2∼3. However, there is still some room for the improvement. In future studies, to
increase the photoresponsivity, instead of using one gate and metal-doped junction,
one can design and deploy local split gates to create a strong p-n junction around
the waveguide to deeply reshape the depth and location of the potential difference
across the graphene channel and increase the internal quantum efficiency [76, 104].
To increase the speed, the graphene device can be better engineered to have smaller
contact/channel resistance to further reduce the RC time constant.
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Another trend one can pay attention to in future studies is multi-functional
graphene based optical interconnects in one device, owing to the versatile and unique
optoelectronic properties of graphene. It is already reported that graphene-based de-
vice can simultaneously provides promising optical modulation and photodetection
with a dual-layer graphene configuration [106]. To utilize the vdW assembly tech-
nique developed in our group [1], one can potentially fabricate very complex and high
quality 2D material-based heterostructure consisting of conducting graphene, semi-
conducting transition metal dichalcogenides (TMDs) and insulating BN to achieve
multi-functional device serving as detector, modulator, spectrometer etc in one de-
vice.
On-chip light emitting or light creating device is one of the most important com-
ponents to realize all-on-chip optical communications. However, the lack of robust
on-chip light emitting device is still a big issue. Earlier this year, suspended graphene
is found to emit broad-band light (cover both visible and infrared spectra) through the
thermal radiation with the excitation of strong electrical bias across the source and
drain [107]. Another research group also reported carbon nanotube can potentially
emit electrically-driven broad-band light at high speed [108] in a free-space configu-
ration. Recently, we discovered that encapsulated graphene-BN heterostructures can
emit such light without the need of suspension. Putting together these information,
it naturally leads to the idea that one can couple graphene-BN heterostructures to
waveguides and use graphene as a on-chip high-speed light emitting device. And
furthermore, one can potentially take it to the next level and covert the broad band
emission to narrow band emission [109] at selected communication wavelengths by in-
tegrating graphene-BN heterostructures with PPC nanocavities designed for different
resonant wavelengths. This converted narrow band light source can be coupled out
through PPC cavity-waveguide integration [65]. Utilizing these potential approaches,
one can achieve all-graphene-based on-chip optical communication (integrated with Si
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